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Abstract 

Metallurgical processes may typically involve many physical phenomena such as fluid flow, heat transfer, 

solidification, electromagnetism, chemistry, and kinetics in multi-component multi-phase systems. 

Permanently growing computational power and a massive shift to parallel cloud computing allow us to design 

multiphysics numerical simulations and thus gain a deeper insight into fundamental and technical issues. This 

article overviews up-to-date modeling efforts/achievements in the metallurgical discipline and is not afraid to 

critically assess current drawbacks as well as to show directions for future developments. The topics 

concerned are local heat treatment of as-cast structures, clogging of submerged entry nozzle, electro-slag 

rapid remelting, thin slab casting, sedimentation of equiaxed crystals, columnar-to-equiaxed transition due to 

fragmentation. 

Keywords: Local heat treatment, electroslag remelting, electromagnetic stirring, clogging, sedimentation 

1. INTRODUCTION 

At present days a numerical simulation is without doubt an essential prerequisite for the design optimization 

of metallurgical processes such as the (semi-)continuous casting, electro-slag remelting [1], thin-slab casting, 

centrifugal casting [2,3], etc. Permanently growing computational resources (data storage capacity, FLOPS, 

memory bandwidth), a shift to parallel cloud computing, and last but not least favorable prices for CPU/hour 

(GB/hour) made the numerical simulation a truly competitive tool compared to traditional approaches such as 

experiments. Obviously, in order to simulate such processes often involving multiphase and/or multiphysical 

phenomena, generally an appropriate set of PDEs must be carefully set up taking into account all essential 

process details. Only then, it makes sense to think about the most suitable method for finding the solution, 

discretization of the PDEs into a system of linear equations, and eventually an efficient iterative solver. To 

summarize, the following three points form the crucial ingredients necessary to obtain useful and usable 

simulation results: hardware, mathematical description of physics appearing in the metallurgical process, and 

numerical algorithm. 

The present work concisely overviews several metallurgical processes looked at from the perspective of state-

of-art numerical simulations. For each one of them a brief model description is provided along with the most 

interesting challenges encountered and yet unresolved issues. 

2. LOCAL HEAT TREATMENT OF AS-CAST STRUCTURES 

In addition to an excellent cast ability, corrosion resistance, high thermal and electric conductivity, many 

aluminum alloys can be age hardened by formation of precipitates leading to a significant boost in strength-to-

weight ratio. The heat treatment of the whole part can be however a very energy-intensive and costly operation. 

If only a local strengthening of the alloy is needed, a localized heat treatment e.g. by a laser beam can be 
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sufficient, leading to significant savings. As it is not clear which process parameters are required to obtain the 

desired local strengthening, an automatic process optimization via series of subsequent simulations [4,5] was 

proposed to find optimal laser power, beam diameter, and exposure time so that the overall process energy is 

minimized and requirements about the local strength are met. 

The optimization loop begins with the OpenFOAM® calculation of the energy distribution (Figure 1b) and 

thermal stresses induced by laser beam initial energy insertion, followed by checking maximum von Mises 

equivalent stress and temperature against the basic yield strength and the solidus temperature of the alloy, 

respectively. If necessary, when the material yields or remelts, the energy intensity is reduced. Next, a set of 
Cartesian points is randomly sampled around the location of interest (Figure 1a) and fetched into the scientific 

toolbox MatCalc. There, using temperature curves discrete yield strengths are obtained by running a kinetic 

calculation at each point. A smooth 3D field of the yield strength is reconstructed by solving the Laplace 
equation with the discrete yield strengths as source terms (Figure 1c). If the yield strength in 3D is as desired, 

the simulation may proceed to the next time step, otherwise the energy insertion must be readjusted. 

Currently, the major modeling drawback is the radius based transformation model used in MatCalc to predict 

phase transformation of precipitates, which is on the one hand unphysical; on the other hand it is the only 

available method providing a correct phase dependency. Therefore, setting up a physical model remains a 

challenge that can be met either through experimental predictions of mechanical/thermodynamic properties or 

increasingly popular quantum-mechanical calculations [6]. 

3. CLOGGING OF SUBMERGED ENTRY NOZZLE 

In the continuous casting of steel, the melt is supplied through a submerged entry nozzle (SEN) into a copper 

mold. The SEN clogging is a long lasting problem that may lead to various casting defects or unwanted casting 

breaks. Several mechanisms of clogging were proposed [7], from which the most widely accepted one 

assumes non-metallic inclusions (NMIs) such as Al2O3, TiN, TiO2, ZrO2, etc to be formed by de-oxidation or 

re-oxidation in the bulk melt and gradually deposited on the SEN wall by adhesive capillary forces and a 

ssuccessive formation of a sinter bond occuring at high temperatures. 

The Eulerian-Lagrangian approach was adapted to study the SEN clogging (Figure 2). NMIs are treated as 

spherical Lagrangian particles (2-10 μm) draged by the turbulent flow solved with the shear-stress transport 

(SST) k-ω model available in the commercial CFD code ANSYS-FLUENT 14.5. In the turbulent boundary layer 

a stochastic near-wall model was employed to trace status of each particle. Once a particles hits the wall, it is 

irreversibly transformed into a clog porous material with a porosity determined from the post-mortem analysis 

of experimental clog samples. The clog front is tracked by an algorithm developed earlier originally for tracking 

the solidification front of columnar dendrites [8]. 

The model offers general features of clogging/fouling and therefore could be also applied in other fields or 

applications such as pharmaceutical industries, HVAC applications, automotive industry, food production, etc. 

Although the model has been verified against a laboratory experiment and a reasonable agreement was found 

between the calculated and measured data, several model uncertainities exists and further refinements are 

therefore necessary such as a more accurate estimation of the clog permeability, taking into account non-

spherical particles, considering solidification inside the clog, and last but not least revising the theory on 

evolution of the turbulent boundary layer around a porous material. 

4. ELECTRO-SLAG RAPID REMELTING (ESRR) 

The electro-slag remelting (ESR) process is used to purify super-alloys by remelting as-cast consumable 

electrode into a high-grade ingot. Recently, the electroslag rapid remelting (ESRR) process has emerged 

offering roughly up to 10 times higher melt rates compared to the conventional ESR process, which is achieved 

by utilizing a T-shape mold with an embedded graphite ring for collecting the current in the slag. 
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As an experimental analysis and measurements of the ESRR process are hard to design especially due to 

materials‘ opacity and very high temperatures (~1900°C), a numerical simulation apparently seems to be the 

only viable way of shedding light on invisible phenomena inside a large industrial size ingot. A numerical model 

was set up [9] in the commercial CFD code ANSYS-FLUENT 14.5 considering governing equations for 

turbulent flow (shear-stress transport k-ω model), solidification/melting (the lever rule), electromagnetic field 

(� � � method). The coupled PDEs of Multiphysics with a large number of DoFs on the industrial scale would 

however require enormous computational resources. Hence, several assumptions must be necessarily 

adopted such as solving the electromagnetic field only once beforehand, freezing the motion of any fluid-fluid 

interface, prescribing explicitly the air gap thickness between the ingot and the mold, approximating falling melt 
droplets through the slag by mass/momentum/energy source terms in the melt pool (Figure 4). 

Despite quite a few simplifications, the proposed model yet offers a realistic insight into unexplored casting 

process and thus, opens the possibility to optimize operational parameters such as the power supply, the melt 

rate, the immersion depth, the slag type/weight, the current ratio, and the fill ratio. 

 

 

 

 

 
 

Figure 1 Random Cell 

Distribution (a), Temp field 

(b), Yield strength (c) [4] 

Figure 2 Progress of 

SEN clogging (covering 

→ bulging → branching) 

[7] 

Figure 3 Meniscus of continuous casting - 

current paths (a), time-averaged velocity field 

around SEN (b) 

5. THIN-SLAB CASTING 

An emergence of thin slab casters delivered a reduction in the number of process steps involved in the 

production of hot rolled coils especially by avoiding the slab reheating furnace before the hot rolling. Increasing 

casting speeds to around 5 m/min and allowing for casting medium and high carbon steels naturally promotes 

sensitivity to e.g. edge/surface cracking, breakouts. Significant energy savings and accelerated production 

rates are conditioned upon carefully addressing the mold and SEN design, hydraulic oscillations of mold, use 

of electromagnetic brakes, high pressure descaling nozzles, quality of mold powder, optimal water spray 

cooling, etc.  

Once again, also here a numerical model comes handy [10]. Using OpenFOAM®, a solidification model is 

developed taking into account a turbulent flow of a liquid melt, formation of the solid shell and its deformation 

in the funnel shape of the mold, and not least of all three phase system namely melt, slag, and air. In addition, 

tracking of non-metallic inclusions was implemented by means of Lagrangian particles in order to monitor 

(a) (b) 

(a) 

(b) 

(c) 
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another source of defects. Recently, a new MHD feature has been added to study the electromagnetic stirring 
(Figure 3). 

After a successful verification against the water model, the numerical model proved to be useful in explaining 

the mechanism of slag entrapment and the SEN refractory erosion region. Further, it helped a lot during testing 

new SEN designs, although along the way to victory few troubles related to turbulence modeling and mesh 

size were encountered. 

6. SEDIMENTATION OF EQUIAXED CRYSTALS 

Coming to more fundamental topics, unlike immobile columnar crystals, equiaxed crystals may float or 

sediment. Depending on the solid fraction the crystals exhibit different rheological behavior below and above 
the packing limit (Figure 5). At low solid fractions the crystals resembles a Newtonian fluid with a viscosity 

determined according to the power-law viscosity model for a solid-particle system. At high solid fraction 

however the crystals reveal viscoplastic behavior i.e. the stress tensor depends on the strain rate. Therefore, 

the deformation of metallic alloys in the semi-solid state is a complex process especially when investigating 

the entire spectrum of the solid fraction range. Our numerical endeavors (OpenFOAM®) relies on a two-phase 

Eulerian-Eulerian volume-averaging model for the liquid and the solid phase. Interactions are controlled by 

isotropic and deviatoric part of the momentum exchange term. The former triggers the sedimentation process, 

the latter represents the drag between the moving crystals and the surrounding liquid. Most importantly, the 

deviatoric part of the stress tensor is constructed carefully to ensure a smooth transition between the 

submerged object and the viscoplastic regime. 

Although several numerical tests were performed on a small scale geometry (10 x 10 mm) showing 

encouraging and physically intelligible results, the complete validation of the model is still needed. Next, at the 

current stage the model is ready to be extended to account for the nucleation and the growth of equiaxed 

crystals, which is a next step to be taken. 

7. COLUMNAR-TO-EQUIAXED TRANSITION DUE TO FRAGMENTATION 

Here, a solidification model of a binary alloy (Sn-10wt%Pb) was developed in the Eulerian frame, taking into 

account three phases such as rigid/stationary columnar crystals growing from the wall, equiaxed crystals and 

the liquid phase as moving phases [11,12]. This numerical model was proposed to reproduce the as-cast 

structure and macrosegregation observed in experiments [13] designed according to the fine configuration of 

Hebditch and Hunt. As it is believed the formation of equiaxed crystals is dominated by remelting secondary 

arms of columnar dendrites, fragmentation is incorporated into a three-phase mixed columnar-equiaxed 

solidification model. 

The precise benchmark experiment and the simulation results are in a satisfactorily good agreement and the 

main features of the final as-cast structure are captured such as the concentration maps and the columnar-to-
equiaxed transition (Figure 6). Nevertheless, using a constant parameter referred to as a fragmentation 

coefficient is doubtful and must be improved as many contributing factors such as the curvature effect of the 

dendrites, the latent heat induced thermal fluctuation, the diffusion in the interdendritic melt are merged into a 

single number. It is worth noting that although the current model is able of capturing channel segregates, their 

size and distribution are typically mesh-size-dependent especially on a large-scale grid. 

8. CONCLUSIONS 

Nowadays, thanks to computational resources growing larger every day and much tireless effort of other 

scientists spent in developing multiphysical models and efficient algorithms of solving various PDEs, there is 
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no doubt about the relevancy and usefulness of a numerical simulation also in the modeling of solidification 

fundamentals and metallurgical processes. 

 

  

 

 

Figure 4 Thermal field in 

slag, mold and ingot [9] 

Figure 5 Sedimentation and 

granular bed of equiaxed 

crystals 

Figure 6 As-cast structure: volume 

fraction of equiaxed phase [12] 

In the present article, several ongoing activities related to the modeling of solidification are briefly described 

along with current drawbacks and challenges. Among more fundamental topics, we have pointed out a 

complex rheological behavior of equiaxed crystals floating/sedimenting inside the liquid melt, depending on 

the actual solid fraction. Further, it was shown that the fragmentation of columnar dendrites by remelting may 

be sometimes the only source of nucleation. In addition, we have in short commented on modeling of several 

industrial applications, typically relying on commercial and open-source CFD codes such as ANSYS-FLUENT 

and more flexible OpenFOAM®. Recently, for instance, a full 3D numerical model has been extensively used 

to optimize a T-shape mold of an electro-slag rapid remelting unit. Also, since many years a continuous casting 
simulation, at present concentrated on the thin-slab casting, has been uninterruptedly developed and improved 

by including more accurate turbulence models (LES), the deformation of a solidifying shell, and the 

electromagnetic stirring. Apart from investigating solidification phenomena, a clogging mechanism of a 

submerged entry nozzle (SEN) by non-metallic inclusions was thoroughly explored via a numerical simulation. 

Despite a good agreement with a laboratory experiment, it is not yet clear how to mathematically describe the 

turbulent motion of a suspended particle around a complex structure of the clog simplified by the volume-

averaged porous media approach. Last, an example of an automatic process optimization via simulation 

(APOS), namely a local heat treatment of as-cast structures by a LASER beam, was presented. Thermal and 

stress calculations were performed in OpenFOAM®, followed by 0D kinetic calculations at selected points in 

MatCalc. The optimization loop was based on the multiple objective genetic algorithm available in DAKOTA. 

Phase transformations of precipitates in aluminum alloys (A356) still lack a physical model and that could be 

considered the main drawback of the otherwise elegant simulation. 
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Abstract 

An effect of static recrystallization with inclusion interaction and a change of tensile mechanical properties of 

drawn free-cutting steel has been studied in the scanning electron microscope (SEM) equipped with a 

combined in-situ heating and tensile stage. The main goal of all in-situ tests was to effectively improve plasticity 

and optimize strength which is important for application of the final products from free-cutting steels. The tests 

were performed on two types of cold-drawn free-cutting steels 11SMnPb30 and a lead-free variant 11SMnBi30. 

The rough square-shaped bars were delivered in high strength state (Re = 607 MPa, Rm = 658 MPa) and low 

plasticity (A5 = 10 %) and final fixing products. A series of electron backscattered diffraction (EBSD) mapping 

of selected area was used for monitoring of static recrystallization process [1-3] on in-situ heated sample from 

450 up to 550 °C to provide information about structural changes. The original heavily-deformed structure with 

many dislocation sub-cells started the recovery process at 450°C and continued to a massive recrystallization 

at 550 °C. The influence of inclusions on all processes were studied as well. After sample cool down to the 

room temperature a tensile experiment was performed to compare the change of mechanical properties of the 

recrystallized sample to the original state of cold-drawn sample without any thermal treatment. A novel 

approach of multi-site in-situ deformation process monitoring has been used utilizing an advanced software 

integration and automation possibilities of a combined tensile-heating stage by NewTec and with TESCAN 

SEM image acquisition. 

Keywords: In-situ, scanning electron microscopy, EBSD, materials testing 

1. INTRODUCTION 

Free machining steels are low carbon steels that have sulfur, phosphorus lead and as a dry lubricant element 

lead, bismuth, selenium or tellurium is added . Sulfur forms the compound manganese sulfide MnS, which is 

soft and acts as a chip-breaking discontinuity. It also acts as a dry lubricant to prevent a built up edge on the 

cutting tool.  

In the last decade large research was done on development of nontoxic lead-free free-cutting low carbon steels 

characterized by excellent machinability and high hardness, high wear resistance and exceptional dimensional 

stability after hardening. One promising element in terms of replacement of toxic lead is (non-toxic) bismuth. 

Both elements are added due to their low melting point. During machining they melt and form a thin film of 

liquid for a fraction of a microsecond to lubricate the cut. Other advantages of bismuth include: more uniformly 

distribution because of its similar density to iron; more environment-friendly compared to lead; weldability. 

For safe application of steel anchors made from free-cutting steel is necessary to know optimal recrystallization 

annealing conditions vs. required mechanical properties and corresponding deformation process. The main 

goal of all in-situ tests was to effectively improve plasticity and optimize strength which is important for 

application of the final products from free-cutting steels. 
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2. EXPERIMENTAL DETAILS 

2.1. Materials 

Flat specimens with geometry shown in Figure 1a had rectangular cross section of 3 mm x 2 mm and a gauge 

length of 6 mm. They were prepared by electro-erosion spark machining from cold-drawn square bars 10 mm 

x 10 mm of free-cutting steels 11SMnPb30 (1.0718) from WDI BlankStahl supplier and cold-drawn round bars 

D15 mm of free-cutting steels 11SMnBi30 from Třinec steelworks/Moravia supplier steel with chemical 
composition and mechanical properties are shown in Table 1. Specimen surface was carefully mechanically 

grinded/polished and final local polishing was done by Xe+ ion beam on TESCAN FERA 3 FIB-SEM. 

The structure of both steels consists from ferrite grains and 10 % of pearlite. The MnS inclusions were 

classified as 1.1 type according to the standard SEP 1572. Lead and Bismuth element distribution are around 
the MnS inclusions (see Figure 1). The grain size of ferrite is very fine about 10 µm with small subgrains 

around 1-2 um (see Figure 1b) corresponding to the big deformation after cold-drawn. 

Table 1 Chemical composition (in wt. %) and mechanical properties of both free-cutting steels 

Steel/Element C Si Mn Pb P S Bi  Rp0.2 (MPa) Rm (MPa) A5 (%) 

11SMnPb30 0.08 0.05 1.11 0.25 0.084 
 

0.3 -  607 658 10.1 

11SMnBi30 0.07 0.04 1.1 - 0.1 0.31 0.2  516 552 10.7 

 

Figure 1 SEM BSE images of microstructure of (a) 11SMnPb30 steel and (b) 11SMnBi30 steel. 

2.2. In situ experiment 

The specimen was tested in-situ in the vacuum chamber of a scanning electron microscope TESCAN MIRA 3 

with FEG cathode using tensile stage MT1000 by NewTec. The MT1000 is a fully automated tensile and 
heating stage for high resolution in-situ experiments (see Figure 2b). The tensile test was performed in 

displacement control mode with the traction speed of 2 µm/s at room temperature. The extension of jaws was 
measured by the extensometer mounted on the back side of the stage (Figure 2). During in-situ deformation 

SEM micrographs were taken automatically using the annular back-scatter electron (BSE) and secondary 

electron (SE) detectors. The stage software allows a fully automated systematic observation of nine selected 
locations distant approx. 1 mm along the sample (Figure 3). The images of all sites were taken after a fixed 

displacement interval of 50 um up to a final fracture (Figure 3c).  

An in-situ heating test with temperature up to 550°C was done with the EBSD observation of the 

recrystallization process using Bruker e-Flash 1000 EBSD camera. After the heat treatment another in-situ 

tensile experiment was performed to obtain information about mechanical properties change connected to the 

structural changes from the recrystallization process 
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Figure 2 Specimen geometry for in-situ tests(a) and (b) tensile stage MT1000 NewTec 

 
Figure 3 Multi-site in-situ experiment a) location of observation sites monitored during in-situ experiment, b) 

SEM image on location close to failure, last step, c) load-displacement diagram 
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3. RESULTS AND DISCUSION  

The in-situ EBSD observation of the recrystallization process showed the first recrystallized grains were 
observed at about 480°C and followed by a massive recrystallization at 550°C (Figure 4). The in-situ tensile 

experiments after the heat treatment showed a rapid decrease of mechanical properties. (Figure 5).  

 

Figure 4 In-Situ EBSD recrystallization observation with increasing temperature a) initial drawn state at room 

temperature, b) recrystallization start at 480°C , *- new grains nuclei; c) massive recrystallization 15 min. at 
550°C  

 

Figure 5 Tensile test results a) without thermal treatment (drawn state), b) after annealing to 480°C for 

60 min., c) after 15min. at 550°C, test stopped when necking observed. 

4. CONCLUSIONS 

The experimental SEM in-situ recrystallization and deformation process and their analysis allow to draw 

following conclusions:  

(i) Important details of the deformation mechanisms during tensile straining and recrystallization of free-cutting 

steel can be revealed by tensile/heating stage MT1000 NewTec equipped by multi-site in-situ deformation 

process monitoring and microscope TESCAN MIRA 3 FEG-SEM.  

(ii) the effect of annealing/temperature on structure changes are recovery in sub grains regions up to 450 °C 

but main recrystallization process begins more intensive at 550 °C.  

(iii) The original tensile properties of cold-drawn samples have necking with inclusion cracking immediately 

after elastic loading typical for steel with higher strength and low plasticity. Otherwise the steel after 

recrystallization at 480 °C/1hour is more plastic due to elastic-plastic region before necking with small reduction 

of tensile strength 70 MPa.  
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(iv) The influence of MnS inclusions on recrystallization is done by concentration of deformation by notch effect 

and play role as partial nucleation site for new grains. 
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Abstract  

During the production of plain carbon steel from hot metal and/or scrap considerable amounts of dust-laden 

off-gases are produced. In de-dusting of these off-gases considerable amounts of fine grained residues are 

produced, which have to be stored, transported and handled. Thereby, the flow-related properties of the dusts 

are of great importance. In this study the mechanical properties of dusts from dry off-gas de-dusting in 

steelmaking plants were investigated. The mass median diameters of electric arc furnace (EAF) dust, basic 

oxygen furnace (BOF) primary de-dusting dust and vacuum degassing dust (VD) were in the range of a few 

micrometer, while it was up to more than 100 µm for the residues from the pre-separators in EAF and BOF de-

dusting. The values for the particle density were quite similar for all dusts (approximately 3,800-4,800 kg/m³), 

but the bulk density of the dusts varied in a wide range (approximately 190-1,900 kg/m³). With respect to the 

flow relevant parameters - flowability, angle of internal friction, wall friction angle and angle of repose - the 

investigated dusts can be split into two groups: the coarse residues from the pre-separators, which are 

characterized by low values for the angles and a good flowability, and all other dusts with higher values for the 

angles and a flowability in the range of very cohesive to cohesive.  

Keywords: Steelmaking dust, BOF dust, EAF dust, dust flowability, dust properties 

1. INTRODUCTION 

During the production of plain carbon steel from hot metal and/or scrap considerable amounts of dust-laden 

off-gases are produced. The off-gas from electric arc furnaces (EAFs) is usually cleaned in dry de-dusting 

systems, while the off-gas from basic oxygen furnaces (BOFs) is mainly de-dusted by means of scrubbers. 

However, in some steel mills dry electrostatic precipitators (ESPs) are used for BOF off-gas de-dusting [1].  

In the BOF process the BOF gas is generated during oxygen blowing. In most steel plants suppressed 

combustion is applied and the BOF gas is recovered as a fuel. The BOF gas is loaded with a large amount of 

dust. During blowing most of the dust released from the converter is evacuated by the primary ventilation and 

de-dusting system. Dry primary de-dusting is performed in two stages. The spray cooler, installed to keep the 

gas inlet temperature of the BOF gas at the ESP inlet below the limit temperature, also acts as a deflector and 

separates the coarse dust. Subsequently, the fine dust is separated in the ESP. A secondary ventilation and 

de-dusting system is usually installed to abate the dust emissions not captured by the primary ventilation 

system. This system usually consists of a canopy hood just above the converter in the tilted position and a 

doghouse around the remaining area of the converter. The treatment of the evacuated gases is usually 

performed by means of an ESP or a fabric filter. During charging or tapping operations, the converter is tilted. 

Thus, the dust emitted in these periods is extracted mostly by the secondary ventilation system. Some other 

dust emitting process steps, e.g. hot metal desulphurization, tapping operations, handling of additives and 

continuous casting, are also connected with the secondary ventilation system. The amount of dust collected is 

in the range of 12-23 kg/t LS (liquid steel) and 0.1-1.2 kg/t LS for the primary and the secondary de-dusting 

system, respectively [1]. 

In the EAF process approximately 85-90 % of the total emissions during a complete tap-to-tap cycle are 

contained in the primary off-gas, which is extracted from the furnace via a hole in the furnace roof. As off-gas 

treatment usually requires a lot of space it is performed at some distance from the furnace. Only the coarsest 
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fraction of the dust is separated in the so-called drop-out-box situated near the furnace to avoid extensive 

sedimentation of dust in the off-gas ducts. Before de-dusting, usually the off-gas is treated in a post combustion 

chamber and, subsequently, cooled e.g. in a quench or a forced draught cooler. Secondary emissions 

generated during scrap handling, charging and tapping, as well as those escaping from the furnace openings 

such as fumes, are captured by a canopy hood generally located above the furnace. The secondary emissions 

may contain the same pollutants contained in the primary emissions. Therefore, both off-gas flows are de-

dusted in the same device, mostly by fabric filters [2-4]. Emissions from secondary metallurgy, collected by 

canopy hoods and roof extractions, are also de-dusted in the same system. The amount of EAF dust collected 

is in the range of 20-30 kg/t LS [1]. The off-gas from vacuum degassing (VD) units is de-dusted in separate 

filters installed upstream of the vacuum pumps [5]. 

The chemical composition of dusts from EAF plants has been investigated frequently [1,6-10] and also 

chemical analysis of BOF dust is available [1,2]. In contrast, data of the physical properties of such dusts are 

very rare in relevant literature. For EAF dust a bulk density of 0.96 kg/dm³ and a particle density of 5.25 kg/dm³ 

were reported [11]. In another study the density was in the range of 2.96 - 4.12 kg/dm³ [9]. The particle size 

distribution of EAF dust has been presented in a few studies, [6-8,12] and in a further study the mass median 

diameters of various EAF dusts were reported [9]. For the mass median diameter of BOF dust a value was 

reported [13]. 

In a corresponding literature search no data were found with respect to flow properties of dust from steelmaking 

plants. However, these properties are quite important for dust handling and storage as well as for further 

treatment and utilization of the residues. The dusts collected are bulk materials which have to be discharged 

safely from the hoppers of the dust separators and then conveyed and stored in silos. Finally, the residues 

have to be utilized in other processes directly or after some pre-treatment. Physical properties of the dust, like 

the bulk density, the angle of repose and the flow properties are relevant for the design of dust conveyors, 

storage facilities and treatment processes [14,15]. 

For this study, various dusts from dry de-dusting systems in steelmaking plants were collected. From these 

residues the particle size distribution, the densities and the flowability-relevant properties were determined. 

2. MATERIALS AND METHODS 

2.1. Materials 

The dust samples A, B and C were collected from the fabric filters of the de-dusting systems of EAF plants. 

The dust sample D was collected from the drop out box and dust sample E was collected from the bottom 

discharge of the evaporative cooler upstream of the filter where dust sample C was collected. The dust samples 

J and K were collected from the ESP of a BOF dry primary de-dusting system. Dust sample L was collected 

from the bottom discharge of the evaporative cooler upstream of the ESP where dust sample K was collected. 

The dust samples M and N are from two secondary de-dusting fabric filters of converter steel shops. The dust 

samples P and Q were collected from the de-dusting filter of a VD unit. 

Approximately 1-2 dm³ of each dust sample were taken from the dust discharge of the respective de-dusting 

units. The volume of the dust samples was reduced to a volume suitable for the various laboratory tests using 

sample dividers (Haver RT 12.5, Quantachrome Micro Riffler) which were applied repeatedly. 

2.2. Measurement of physical properties 

The moisture content of the dust samples was measured gravimetrically using a Sartorius MA35M infrared 

moisture analyser. The dust samples were dried at 105 °C until constant weight was reached. 

The particle size distribution of the dust samples was measured using a Sympatec HELOS/RODOS laser 

diffraction instrument with dry sample dispersion. The particle size distribution of the coarse dust samples was 
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determined using a Fritsch ANALYSETTE 3 PRO laboratory sieve shaker with sieves from 1.0 mm to 500 µm. 

The undersize material (< 500 µm) was analyzed using the laser diffraction instrument. The mass median 

diameters d50 of the particle size distributions were calculated by linear interpolation between the two measured 

values next to it. The d50 is the particle size with 50 % of the mass of the material consisting of particles smaller 

than this size and the remaining material consisting of larger particles. 

The particle density ρP was determined according to EN ISO 8130-3. This method is based on determination 

of the mass and the volume of a test portion using a liquid displacement pyknometer. The capacity of the 

pyknometer used was approximately 105 cm³ and n-heptane (density: 0.681 g/cm³) was used for displacement 

of the air. The bulk density ρB of the dust samples was measured according to EN ISO 60. The bottom cover 

of a funnel is removed to discharge 120 cm³ of dust stored in the funnel. The dust flows by gravity into a coaxial 

100 cm³ measuring cylinder. The excess material is removed by drawing a straight blade across the top of the 

cylinder.  

The porosity (voidage) ε of a dust can be calculated from the density and the bulk density as ε = 1- ρB/ρP. 

The angle of repose of the dust samples was determined according to ISO 4324. The dust flows out of a 

special funnel placed at a fixed height above a flat and level circular plate. The base angle of the material cone 

obtained is calculated from the diameter of the base plate and the height of the cone. 

2.3. Shear tests 

The yield locus for the dust samples was determined using a Schulze RST-XS ring shear tester with a 30 cm³ 

shear cell. Each point of a yield locus is obtained in two steps. In the pre-shear step, the sample is consolidated 

and the point of steady-state flow is determined consisting of a pair of values for the normal stress σ and the 

shear stress τ. In the second step, a point of the yield limit is determined at a reduced normal stress. The 

corresponding pair of values for the normal stress and the shear stress at a point of incipient flow is one point 

of the yield limit. The whole yield locus is determined by repetition of this procedure. The bulk density of the 

dust sample is calculated from the measured height of the sample in the shear cell and its mass. A Mohr stress 

circle, tangential to the yield locus and running through the point of steady-state flow, can be drawn. The slope 

of a tangent to this stress circle, which runs through the origin of the σ-τ-diagram, represents the effective 

angle of internal friction [14]. The test procedure was conducted at four different values of the normal stress 

(600 Pa, 2,000 Pa, 6,000 Pa and 20,000 Pa). 

The wall yield locus for the dust samples was determined using a wall shear cell. The bottom ring of this shear 

cell is formed by a sample of the wall material which was structural steel S235JR. The dust sample in the shear 

cell is loaded vertically at a normal stress level and then moved relative to the wall material surface at a 

constant rotation velocity. The points of a wall yield locus resulting from corresponding pairs of values for the 

normal stress and the shear stress are determined. The slope of a straight line running through the origin of 

the σ-τ-diagram and a point of the wall yield locus is the kinematic angle of wall friction [14]. 

A quantitative characterization of the flow properties of a dust can be given by the flowability ffc, which is the 

ratio of the consolidation stress σ1 to the unconfined yield strength σc [16]. The larger the ffc is, the better a 

granular material flows. The consolidation stress is equal to the major principal stress of the Mohr stress circle 

which is tangential to the yield locus and runs through the point of steady-state flow. The unconfined yield 

strength results from the stress circle which is tangential to the yield locus and runs through the origin [15]. 

The usual classification used to define flow behaviour consists of five categories: not flowing: ffc < 1; very 

cohesive: 1 < ffc < 2; cohesive: 2 < ffc < 4; easy-flowing: 4 < ffc < 10 and free-flowing: 10 < ffc [16]. The 

flowability of a granular material often depends on the consolidation stress. This can be visualized best in a 

diagram showing the unconfined yield strength dependent upon the consolidation stress when the diagram 

also includes lines of constant ffc [16]. Logarithmically scaled axes improve the representation of the results in 

the diagram [17]. 
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3. RESULTS 

3.1. Particle size 

The particle size distributions of the dusts are shown in Figure 1. The particle size of the dusts collected from 

BOF primary de-dusting ESPs (dust J and K) is very fine. The mass median diameters were 1.4-1.5 µm  
(Table 1) and the maximum particle size was approximately 20 µm. These values are slightly less than the 

reported mass median diameter of BOF dust separated by a dry ESP of 3.2 µm [13]. The bimodal shape of 

the particle size distribution with a modus in the range of approximately 1 µm, and another in the range of 

approximately 10 µm, is similar. The particle size distribution of the dusts A, B and C from the EAF de-dusting 

filters is quite similar to the size distribution of BOF dust. However, besides the majority of the dust which is in 

the same size range as the BOF dust, there is also a certain fraction of the dust ranging in size between 20-

80 µm. Most literature data are similar: reported mass median diameters are in the range of 0.5-1.88 µm [5-7] 

and maximum particle size 50-100 µm [5,6]. However, there is also an EAF dust reported with a mass median 

diameter of 19.3 µm and a maximum particle size of 500 µm [12]. A possible explanation for such a coarse 

EAF dust could be due to no pre-dedusting or poor dust separation in the pre-dedusting step.  

 

Figure 1 Particle size distribution of EAF steelmaking dust (left) and BOF steelmaking dust (right) 

The residues from the pre-separation steps were considerably coarser, both for the BOF and the EAF de-

dusting systems. The mass median diameters were in the range of 100-200 µm. For the dusts D and E from 

the VD de-dusting systems a similar particle size distribution was measured as for the EAF dusts, but there 

was a higher variation in the size distributions.  

3.2. Densities and angle of repose 

The values of the particle density were quite high for all dusts (Table 1). This results from the high iron content 

of steelmaking dusts. The density of the dusts from BOF steelmaking (3,850-4,800 kg/m³) was somewhat 

higher than the density of the dusts from EAF steelmaking (3,780-4,030 kg/m³). The average density for the 

EAF dusts was 3,900 kg/m³, which is in the upper range of the values reported in [9]. The bulk density of the 

coarse dusts from the pre-separators (D, E, L) was in the range from 1,560 kg/m³ to 1,880 kg/m³. Thus, the 

porosity was in the range of 0.53-0.64. For the dusts from the EAF de-dusting filters (A, B, C) and from BOF 

primary de-dusting ESPs (J, K) the bulk density varied from 590 kg/m³ to 950 kg/m³. The finer the dust was, 

the lower was the bulk density. The range of the calculated porosity was 0.75-0.84. The bulk density of the 

dusts from BOF secondary de-dusting (M, N) lay within the same range, although the particle size of these 

dusts was coarser. For the two dusts from VD de-dusting (P, Q), the difference in the bulk density was 

surprisingly high because the difference in particle density and particle size was slight. 
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Table 1 Dust properties 

Dust 
sample 

Moisture 
content 

(%) 

Bulk density* 

 (kg/m³) 

Density  

(kg/m³) 

Mass median* 
diameter 

(µm) 

Relative span 
(d90-d10)/d50 

Porosity Angle of 
repose 

(°) 

EAF plants 

A 0.5 950 3,880 1.7 12 0.76 43 

B 0.6 590 3,780 1.2 20 0.84 46 

C 0.6 810 4,030 1.5 32 0.80 49 

D 0.1 1,880 3,990 179 1.8 0.53 37 

E 0.2 1,560 3,980 113 2.4 0.61 37 

BOF plants 

J 0.2 760 4,790 1.4 5.8 0.84 48 

K 0.3 650 4,610 1.5 5,0 0.86 51 

L 0.1 1,730 4,800 199 2.1 0.64 39 

M 1.3 610 3,850 32.7 11 0.84 52 

N 1.6 750 4,010 18.8 18 0.81 51 

VD units 

P 3.0 190 3,680 2.3 5.8 0.95 43 

Q 0.4 610 4,390 1.9 22 0.85 44 

* Data are already available in another study [26] 

Figure 2 shows the bulk density of the various dusts as a function of the consolidation stress measured in the 

shear tests.  

 

Figure 2 Density as a function of the consolidation stress of the residues from steelmaking de-dusting: EAF 

steelmaking (left) and BOF steelmaking (right) 

The density of the dust samples increased with increasing consolidation stress. The dependence of the bulk 

density on the consolidation stress can be approximated by equations of the type ρB = B . σ1c. All correlation 

coefficients for these approximations were higher than 0.99. The values for the bulk density measured 
according to EN ISO 60 at a consolidation stress of 1.0 kPa are shown in Figure 2. For most dusts these 
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values correspond quite well with the density curves. A similar behaviour was reported also for dry gas-

cleaning dusts from sinter plants and blast furnaces [18,19]. 

The angles of repose were lowest for the coarse dust from the pre-separators (Table 1). For both dust types 

from BOF de-dusting (J, K, M, N) the highest angles of repose were measured. For the EAF dusts (A, B, C) 

and the VD dusts (P, Q) the angles of repose were smaller, although these dusts have a similar size to the 

ESP dusts from the BOFs. This behaviour could be explained by the small agglomerates formed by this dust. 

Such an effect was also observed for the fine dust from sinter plants [18,20]. 

3.3. Effective angle of internal friction and wall friction angle 

In Figure 3 the effective angles of internal friction are shown for all dust samples as a function of the 

concolidation stress. Generally, the effective angles of internal friction are not strongly dependent on the 

consolidation stress. The highest values for the angle of internal friction were found for the EAF dusts (A, B,C) 
and for the BOF primary de-dusting dusts (J, K). In Figure 4 the wall friction angles are depicted as a function 

of the wall normal stress. For the wall friction angles of the coarse residues from the pre-dedusting units (D, 

E, L) a significant decrease of the wall friction angle with increasing wall normal stress was observed. This 

effect was far less noticeable for the the EAF dust (A, B, C) and the ESP dust from BOF de-dusting (J, K). For 

the dusts from VD units (P, Q) and from BOF secondary de-dusting (M, N), even a slight increase of the wall 

friction angles with increasing wall normal stress could be preceived. 

 

Figure 3 Effective angle of internal friction of EAF steelmaking dust (left) and BOF steelmaking dust (right) 

 

Figure 4 Wall friction angles of EAF steelmaking dust (left) and BOF steelmaking dust (right) 
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3.4. Flowability 

The results for the flowability are presented in Figure 5. Generally, the flowability was good for the coarse 

dusts from the pre-separators. The residues from the EAF de-dusting pre-separators (D, E) were in the flow 

category free-flowing, while the residue from the BOF primary de-dusting pre-separator (L) was easy-flowing. 

The BOF dust from primary (J, K) and secondary (M, N) de-dusting showed a similar flowability, although the 

secondary de-dusting dusts were considerably coarser. The flowability category was very cohesive to cohesive 

for both dust types.  

 

Figure 5 Flowability of EAF steelmaking dust (left) and BOF steelmaking dust (right) 

4. CONCLUSION 

Various steelmaking dusts from dry off-gas de-dusting systems were investigated in this study with respect to 

mechanical and flow properties. The results showed that the particle size of the dusts from the EAF and BOF 

steelmaking are of similar size. This was found for the residues from the pre-separators as well as for the filter 

dust from EAF off-gas cleaning and also for the ESP dust from BOF primary de-dusting. The mass median 

diameters of the residues from the pre-separators were in the range of 100-200 µm, while the mass median 

diameters of the filter and ESP dusts were in the range of 1-2 µm. The dusts from VD units lay in the same 

size range. The mass median diameters of the dusts from BOF secondary de-dusting were approximately 20-

30 µm. 

The particle density was high for all dusts which can be explained by the high iron content of steelmaking 

dusts. In contrast, the bulk density varied in a wide range. With the exception of one VD dust with the extreme 

low bulk density of 190 kg/m³, the bulk density was in the range of 590-1,880 kg/m³. The high values for the 

bulk density (>1,500 kg/m³) were found for the coarse residues from the pre-separators.  

The flowability expressed as ffc was best for the coarse residues from the pre-separators. The flowability was 

quite independent from the consolidation stress. For the other dusts the flowability improved slightly at higher 
values of the consolidation stress, but no distinct relationship between size and flowability was established. 

ACKNOWLEDGEMENTS 

The study was in part financially supported by K1-MET. K1-MET is a member of COMET (managed by 
the Austrian research promotion agency) and is financially supported by the Federal Ministry for 
Transport, Innovation and Technology, the Federal Ministry of Economy, Family and Youth, the 

federal states of Upper Austria, Styria and Tyrol, SFG and Tiroler Zukunftsstiftung. The provision of 
EAF dust samples by D. Steiner and proofreading by P. Orgill are gratefully acknowledged. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

48 

REFERENCES 

[1] REMUS, Rainer, AGUADO-MONSONET, Miguel A., ROUDIER, Serge and SANCHO, Luis D. Best Available 

Techniques (BAT) Reference Document for Iron and Steel Production, Industrial Emissions Directive 2010/75/EU, 
Integrated Pollution Prevention and Control. Luxembourg: Publications Office of the European Union, 2013. 

[2] HARP, G., KLIMA, R., and STEFFEN, R. Examination and assessment of application possibilities of various 
processes for treatment of iron and steelwork residual and waste materials. Report EUR 12613 EN 1990. 

Luxembourg: Office for Official Publications of the European Communities, 1990. 

[3] PANSERA, Giuseppe and GRIFFINI Niccoló. De-dusting plants for electric arc furnaces. Millenium Steel. 2005, 

no. 1, pp. 85-89. 

[4] KIRSCHEN, Marcus, VELIKORODOV, Viktor and PFEIFER Herbert. Entstaubung von Lichtbogenöfen in der 
Stahlindustrie. Chemie Ingenieur Technik. 2003, vol. 75, no. 11, pp. 1633-1638. 

[5] BURGMANN, Wilhelm, DAVENE, Jean and LAFITTE Jean. Off-gas preparation for vacuum pumps. La 

Metallurgia Italiana. 2013, no. 11-12, pp. 11-19. 

[6] da SILVA, M. C., BERNARDES, A. M., BERGMANN, C. P., TENORIO, J. A. S., and ESPINOSA, D. C. R. 
Characterization of electric arc furnace dust generated during plain carbon steel production. Ironmaking and 
steelmaking. 2008, vol. 35, no. 4, pp. 315-320. 

[7] DUTRA, A. J. B., PAIVA, P. R. P., and TAVARES, L. M. Alkaline leaching of zinc from electric arc furnace steel 
dust. Minerals Engineering. 2006. vol. 19, no. 5, pp. 478-485. 

[8] MACHADO, Janaina G. M. S., BREHM, Feliciane A., MORARES, Carlos A. M., dos SANTOS, Carlos A., VILELA, 
Antonio C. F. and da CUNHA, Joao B. M. Chemical, physical structural and morphological characterization of the 
electric arc furnace dust. Journal of Hazardous Materials B. 2006. vol. 136, no. 3, pp. 953-960. 

[9] MANTOVANI, M. C., TAKANO, C. and BÜCHLER, P. M. EAF and secondary dust characterization. Ironmaking 

and steelmaking. 2004. vol. 31, no. 4, pp. 325-322. 

[10] MONTENEGRO, Victor, OUSTADAKIS, Pashalis, TSAKIRIDIS, Petros E. and AGATZINI-LEOARDOU, Styliani. 
Hydrometallurgical Treatment of Steelmaking Electric Arc Furnace Dusts (EAFD). Metallurgical and Materials 
Transactions B. 2013. vol. 44, no. 5, pp. 1058-1069. 

[11] BURCKARD, Warren J., DAVEY, K.J., RODOPOULOS, T., WOODCOCK, J. T. and ITALIANO, J. Water leaching 
and magnetic separation for decreasing the chloride level and upgrading the zinc content of EAF steelmaking 
baghouse dusts. International Journal of Mineral Processing. 2005. vol. 75, no. 1-2, pp. 1-20. 

[12] OUSTADAKIS, Pashalis, TSAKIRIDIS, Petros E., KATSIAPI, A. and AGATZINI-LEOARDOU, Styliani. 

Hydrometallurgical process for zinc recovery from electric arc furnace dust (EAFD). Part I: Characterization and 
leaching by diluted sulphuric acid. Journal of Hazardous Materials. 2010. vol. 179, no. 1-3, pp. 1-7. 

[13] OSTERBERGER, Birgit. Strömungs- und abscheidetechnische Untersuchung eines Elektrofilters zur 
Prozessgasreinigung eines LD-Konverters. Thesis. Wels: University of Appied Sciences Upper Austria, 2005. 

[14] SCHULZE, Dietmar. Powders and Bulk Solids. Berlin: Springer Verlag, 2008. 

[15] JENIKE, Andrew, W. Storage and flow of solids. Bulletin No. 123 Utah Engineering Experiment Station 4th ed. 

Salt Lake City: University of Utah, 1970.  

[16] SCHULZE, Dietmar. Measuring powder flowability: A comparison of test methods. Part I. Powder and Bulk 

Engineering. 1996. vol. 10, pp. 45-61. 

[17] LANZERSTORFER, Christof. Flowability of various dusts collected from the off-gases of a secondary copper 
smelter. Particuology. 2016. vol. 25, pp. 68-71. 

[18] LANZERSTORFER, Christof. Mechanical properties of dust collected by the dust separators in iron ore sinter 
plants. Environmental Technology. 2015. vol. 36, no. 24, pp. 3186-3193. 

[19] LANZERSTORFER, Christof. Mechanical properties of dust collected from blast furnace dust catchers and cast 
house de-dusting filters. Particulate Science and Technology. 2016. vol. 34, no. 3, pp. 366-371. 

[20] LANZERSTORFER, Christof. Mechanical and flow properties of residue from dry desulphurization of iron ore 
sinter plant off-gas. Environmental Engineering Science. 2015. vol. 32, no. 11, pp. 970-976.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

49 

PHASE TRANSITION TEMPERATURES OF PSEUDOQUATERNARY Fe-C-Cr-O ALLOYS 

Bedřich SMETANA 1,2, Ľubomíra DROZDOVÁ 1,2, Lenka ŘEHÁČKOVÁ 1,2, Vlastimil NOVÁK 1,2, 
Simona ZLÁ 1,2, Monika KAWULOKOVÁ 1,2, Andrew WATSON 3, Mario MACHŮ 1,2,  

Filip RADKOVSKÝ 1, Hana FRANCOVÁ 1, Petr KOZELSKÝ 1, Jana DOBROVSKÁ 1,2 

1VSB - Technical University of Ostrava, Faculty of Metallurgy and Materials Engineering, Ostrava,  

Czech Republic, EU, bedrich.smetana@vsb.cz 

2VŠB-Technical University of Ostrava, Regional materials science and technology centre, Ostrava,  

Czech Republic, EU, bedrich.smetana@vsb.cz 

3Univ. Leeds, Sch. Chem. & Proc. Engn., Inst. Mat. Res., Leeds, W. Yorkshire, England, EU, 

andywatson7@gmail.com 

Abstract 

The paper deals with the study of phase transition temperatures of pseudoquaternary Fe-C-Cr-O based alloys 

from RT up to 1600 °C. The knowledge of phase transition temperatures is crucial for application purpose and 

also for basic research related always closely to the applications. The deeper insight in to the knowledge of 

behavior of simple systems can lead to the enhancement of production of more complex alloys with enhanced 

properties by simultaneous lower cost production. The paper deals with phase transition temperatures such 

as: temperature of eutectoid transformation, magnetic transition, alfa-gama transition, solidus and liquidus 

temperature and peritectic transformation temperature. Phase transition temperatures were obtained by 

Differential Thermal Analysis (DTA). The comparison and discussion with calculated phase transition 

temperatures (IDS - Solidification Analysis Package, TC - Thermo-Calc) was done. In some cases substantial 

differences between experimental and calculated phase transition temperatures were encountered. 

Keywords: Fe-C-Cr-O based alloys, phase transitions, temperatures, DTA  

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, and 

finally, the optimum setting of casting and solidification conditions, is necessary for modern competitive steel 

making company. 

To improve and optimize the technological processes of steel production is it necessary to know, among 

others, the proper material data. One of many important data for steel production process are phase transition 

temperatures (from low and also high temperature region up to 1600 °C). In low temperature region are very 

important phase transition temperatures of e.g. eutectoid transformation, α - γ transition, temperature of Curie 

point etc. [1], which are important for subsequent heat and mechanical treatment. In the high temperature 

region are the most important temperatures of solidus and liquidus [2], which are important mainly for setting 

of casting conditions. 

There are often used for predicting of phase transition temperatures for complex systems (steels) many 

relations and SWs [3]. It is possible to obtain very fast the results using calculating tools, but often can these 

data differ from the real state because of many simplifications and aproximations used and also the data in the 

used database(s) can be restricted. To obtain the most reliable data for more complex systems e.g. steels it is 
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necessary to have most proper data for lower order systems, e.g. in our case for pseudoquaternary Fe-C-Cr-

O system (alloys). The results obtained with calculation relations and SWs are very often used for the 

subsequent simulations of real steel processing (heat treatment and casting) using e.g. SW PROCAST [4]. 

This paper presents results (phase transition temperatures from low and also high temperature region) 

obtained by DTA method [5] and SW calculations for three model Fe-C-Cr-O Alloys, with graded chromium 

content, prepared at our foundry laboratories. The changing chromium and oxygen content is investigated and 

discussed in this work. Experimentally obtained data were compared with results obtained using SW Thermo-

Calc (TC SW. Ver. 2017a) and database TCFE8. 

2. EXPERIMENT 

Three model alloys (Cr 1, Cr 3 and Cr 5) were prepared at our working site in our foundry laboratories with 
specified composition, Table 1. Pure metals (Fe, Cr) and carbon was used for melting in induction vacuum 

furnace. Three kg ingots were cast and then cut and machined in to the sticks with a diameter 3.5 mm. For 

DTA Analysis were prepared cylinders about the height 2.5 mm. The sample mass was from 150 up to 200 mg. 

For each alloy were performed three runs at heating rate 10 °C⋅min-1 (three pieces of each alloy were analysed) 

in dynamic Ar (6N) atmosphere in corundum crucibles with lids. 

Table 1 Chemical composition of analysed samples, wt. %, the content of other determined elements is lower  

   than 0.005 wt. % (Ni, P, S, Si, Al, Cu, Ti, Mo, Co, V, B, H, Zr) 

 

3. CALCULATIONS 

Theoretical calculations were performed using Thermodynamic SW Thermo-Calc [4]. Some simplifications of 

adopted models are presupposed for this SW and also the basis of data needed for calculations are limited. 

Thermo-Calc SW was used for calculation of phase transition temperatures, phase diagrams (for high 

temperature-HT-region) and property diagrams (for low temperature-LT-region). Only Fe, C and Cr were 

included for calculations of phase diagrams and property diagrams. Phase transition temperatures were also 

calculated with the widest possible composition (O, H, N, S and Zr not included, other elements presented in 
Table 1 included: Ni, P, Si, Al, Cu, Ti, Mo, Co, V and B). Only BCC, FCC, CEMENTITE, M7C3, M3C2, M23C6 

and LIQUID phase were considered for calculations 

4. RESULTS AND DISCUSSION 

Obtained DTA curves are presented at Figures 1 and 2. Figure 1 presents DTA curves (in LT-region) also 

with marked phase transition temperatures: start of alfa gamma transition (Tα-γ,S), Curie point tmperature (TC) 

and end of alfa to gamma phase transition temperature (Tα-γ,E). Figure 2 presents DTA curves (in HT-region) 

also with marked phase transition temperatures: start of melting - solidus temperature (T or TS), temperature 

of start of peritectic transition (TP) and temperature of liquidus (TL).    

Experimental and calculated phase transition temperatures are included also in Tables 2-7. Mean values, 

standard deviations and variation coefficients were calculated for experimental results. 

Sample C Cr O Mn N W

Cr 1 0.344 0.924 0.0021 0.056 0.026 0.025

Cr 3 0.342 2.970 0.0195 0.050 0.043 0.024

Cr 5 0.340 4.760 0.0015 0.042 0.001 0.044
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Figure 1 DTA curves of analysed samples Cr 1, 

Cr 3 and Cr 5 in low temperature (LT) region, Tα-γ,S, 

TC and Tα-γ,E 

Figure 2 DTA curves of analysed samples Cr 1, 

Cr 3 and Cr 5 in high temperature (HT) region, T, 

TS, TP and TL 

Tables present also calculated values considering only three elements: Fe, C and Cr, ternary Alloys only, TC 

(Fe-C-Cr) and results considering elements as mentioned above (widest possible composition): TC (all). 

Experimentally obtained results are aslo compared with calculated cuts of ternary system Fe-C-Cr and ternary 
property diagrams, Figures 3-8. 

Table 2 Phase transition temperatures in LT-region,  

             alloy Cr 1 

Table 3 Phase transition temperatures in HT- 

              region, alloy Cr 1 

  

Table 4 Phase transition temperatures in LT-region,  

             alloy Cr 3 

Table 5 Phase transition temperatures in HT- 

              region, alloy Cr 3 

  

Tα->γ,S TC Tα->γ,E

1 768 - 823

2 767 - 821

3 767 - 821

Mean value 766 - 820

Stand. Dev. 0 - 1

Var. coef. (%) 0.06 - 0.11

TC (Fe-C-Cr) 744 - 793

TC (all) 744 - 794

(°C)
Analysis T TS TP TL

1 1439 1458 1499 1504

2 1438 1453 1498 1504

3 1438 1452 1498 1503

Mean value 1438 1454 1498 1504

Stand. Dev. 0 3 0 0

Var. coef. (%) 0.03 0.18 0.03 0.03

TC (Fe-C-Cr) - 1411 1494 1509

TC (all) - 1411 1495 1508

Analysis
(°C)

Tα->γ,S TC Tα->γ,E

1 797 778 823

2 798 779 825

3 799 778 824

Mean value 798 778 824

Stand. Dev. 1 0 1

Var. coef. (%) 0.10 0.06 0.10

TC (Fe-C-Cr) 775 765 826

TC (all) 774 765 793

Analysis
(°C)

T TS TP TL

1 1421 1452 1491 1500

2 1423 1459 1491 1500

3 1425 1458 1491 1500

Mean value 1423 1456 1491 1500

Stand. Dev. 2 3 0 0

Var. coef. (%) 0.11 0.21 0.00 0.00

TC (Fe-C-Cr) - 1464 1490 1506

TC (all) - 1462 1489 1505

Analysis
(°C)



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

52 

Obtained DTA curves have classical shapes, only in the case of alloy Cr 5 it is visible small peak between 615-

680 °C (black full strait line). It could correspond with decomposition of non-equilibrium phases in the sample 

[6]. The Curie point temperature was not determined at sample Cr 1 because of ovelapping of heat effects of 

alfa-gamma transformation and magnetic transition. 

In the region of melting it was not possible unequivocally to determine solidus temperatures for samples Cr 1 

and Cr 3 (see the region denoted by dotted line). The solidus temperature, with high probability, falls within the 

T and TS temperatures (it needs to be investigated further to determine the true solidus temperature). It seems 

that with increasing oxygen content, with high probability, is widened the intrval between T and TS and if the 

oxygene content is more substantially lowered (Cr 5 sample), the region between T and TS is no more visible. 

This fact was observed in previous experimental studies [7], but i tis necessary to confirm this by further work. 

Table 6 Phase transition temperatures in LT-region,  

             alloy Cr 5 

Table 7 Phase transition temperatures in HT-region,  

              alloy Cr 5 

  

Comparing the calculated values TC (Fe-C-Cr) and TC (all) the relativelly small deviations were encountered 

but not in the case of end of alfa gamma transition, the diference was even 33 °C in the case of sample Cr 3 

and 11 °C in the case of sample Cr 5 (there are no higher differences than 2 °C in the case of other phase 

transition temperatures). 

  

Figure 3 Comparison of isoplethal cut of ternary 

system Fe-C-Cr (composition according to the 

Table 1, Cr 1) and experimental temperatures 

obtained for alloy Cr 1: T, TS, TP and TL  

Figure 4 Comparison of isoplethal cut of ternary 

system Fe-C-Cr (composition according to the 

Table 1, Cr 3) and experimental temperatures 

obtained for alloy Cr 3: T, TS, TP and TL 

Tα->γ,S TC Tα->γ,E

1 813 779 909

2 816 779 910

3 815 779 894

Mean value 814 779 904

Stand. Dev. 1 0 7

Var. coef. (%) 0.15 0.00 0.81

TC (Fe-C-Cr) 801 777 894

TC (all) 800 777 804

Analysis
(°C)

TS TP TL

1 1444 1484 1498

2 1444 1484 1498

3 1443 1484 1498

Mean value 1444 1484 1498

Stand. Dev. 0 0 0

Var. coef. (%) 0.03 0.00 0.00

TC (Fe-C-Cr) 1462 1482 1502

TC (all) 1460 1481 1502

Analysis
(°C)



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

53 

 

Figure 5 Comparison of isoplethal cut of ternary system Fe-C-Cr (composition according to the Table 1, 

Cr 5) and experimental temperatures obtained for alloy Cr 5: TS, TP and TL 

To see the shift of phase transition temperatures more clear and their comparison with calculated data see 

also Figures 3-8. The differences between experimentally determined Tα-γ,S and theoretical values were within 

an interval 13-24 °C, in the case of Curie temperature were the differences 13 or 2 °C. The most pronounced 

dfifferences were encountered for Tα-γ,E, see comparison of experimental and theoretical values and compare 

experimental values with calculated: TC (Fe-C-Cr) and TC (all); difference from 2 up to 100 °C. These 

differences have to be clarified in the future work by performing of structural and phase analysis. 

Calculated and experimental values of TP and TL differ only very slightly. The maximum difference is no more 

than 6 °C. But in the case of solidus temperatures the higher differences were obtained - up to 41 °C. But it 

can be stated also, that in the case of alloy Cr 1 and Cr 3 that was not unequivocal possible to determine the 

solidus temperature. The solidus temperature could be somewhere between, with high probability, T and TS, 
see Tables 3, 5 and 7.  

The chromium content influence was observed, as published earlier [8-10]. It is possible to conclude that Cr 

increase the temperature of alfa-gamma start and end of this transition. In the case of Curie point temperature 

is the influence negligible. Liquidus temperature and temperature of start of peritectic transformation were also 

lowered with increasing Cr content. More pronounced lowering of temperature (shift to the lower temperature) 

was observed in the case of peritectic transformation temperature (approximately twice higher impact of Cr 

than in the case of liquidus temperature).  

  

Figure 6 Comparison of property diagram of 

Fe-C-Cr ternary alloy (composition according to the 

Table 1, Cr 1) and experimental temperatures 

obtained for alloy Cr 1: Tα-γ,S, and Tα-γ,E 

Figure 7 Comparison of property diagram of 

Fe-C-Cr ternary alloy (composition according to the 

Table 1, Cr 3) and experimental temperatures 

obtained for alloy Cr 1: Tα-γ,S, TC and Tα-γ,E 
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Figure 8 Comparison of property diagram of Fe-C-Cr ternary alloy (composition according to the Table 1, 

Cr 5) and experimental temperatures obtained for alloy Cr 1: Tα-γ,S, TC and Tα-γ,E 

5. CONCLUSION 

Results obtained in this work showed the necessity, in some cases, to perform futrther experimental research 

in the field of phase transition temperatures concerning Fe-C-Cr-O based Alloys. Especially in the case of 

eutectoid transformation (start of alfa-gamma transition), end of alfa-gamma transition and solidus 

temperature. The differences between experimental and theoretical values are in some cases in tens of 

degrees of Celsius. Also the study of influence of oxygen content is planned in the future work. The chromium 

content influence, by constant carbon content, was investigated also and corresponding shifts of phase 

transition temperatures were observed, e.g. the influence of chromium content on shift of peritectic 

transformation temperatur is as twice higher than the influence on the liquidus temperature.   
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Abstract 

Presented works investigates a possibility of using modeling based on artificial neural network for prediction 

of liquidus temperatures of low-alloyed steels. Paper describes the methodology of creating such model by 

tools incorporated in commercial software MATLAB. Neural network is trained, validated and tested and 

previously unseen data measured by DTA method are used as new input data. Results are then compared to 

those measured and calculated by commonly used software for such applications like IDS and Thermo-Calc. 

Performance of these three modeling approaches is discussed. 

Keywords: Artificial neural networks, liquidus temperature of steel, MATLAB, Thermo-Calc, IDS 

1. INTRODUCTION 

Advanced computer simulation technology is a powerful tool which can be used to model critical phenomena 

of heat transfer and fluid flow and their relationships to processes occurring during metallurgical manufacturing 

operations like casting, forging or heat treatment [1]. Computational models enable the design and production 

of more economical and higher quality castings. In order to obtain reliable and accurate results from a 

simulation of the usually complex processes accurate and realistic values of thermophysical properties are 

necessary but reliable data for many materials of industrial interests are limited. Experimental determinations 

of these are difficult and often expensive also. 

Accurate knowledge of liquidus temperature is necessary for setting of optimum casting temperature in casting 

processes. The data for specific steel grades are often difficult to obtain. They are not available or inaccurate 

[2]. Best case scenario is represented by aqcuisition of values from measurement by some thermal analysis 

method, e.g. differential thermal analysis. 

There are many empirical equations derived using regression analysis to estimate the liquidus temperature 
(TL) of steels [3]. Comparing of various equations prediction capability and validity is difficult as they are usually 

closely related to the studied alloys [4]. So there is no equation covering the whole variety of steel compositions 

from low-alloyed to high-alloyed steels, eg. stainless steels. The main problem lies in the simple form of the 

equations - they are usually linear functions of compositions. So there is an assumption of factor independence 
and linear additivity [5]. In parametric predictive systems like that, the variable to be predicted (TL) is considered 

as a function of predictor variables (element content) that are assumed to have independent effects on TL. 

This would maybe accurately describe the behavior of two-component systems, e.g. Fe-Si but in reality effect 
of Si content in real multicomponent steels on TL is not so clear as shown in Figure 1. 

There are also software packages which allow to compute phase transformation temperatures and values of 

thermophysical properties dependent on composition and temperature. For example IDS (Inter Dendritic 

Solidification) is based on thermodynamic approach, more specifically on phase-field method [6]. Another 

thermodynamic approach is represented by CALPHAD method [7]. This method is used by software Thermo-
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Calc. There are also other software packages based on these methods but they were not included into this 

paper.  

 

Figure 1 Effect of Si content on a liquidus temperature [own] 

Paper presents a preliminary work aimed on prediction of liquidus temperature from steel grade composition 

by using an artificial neural network method (ANN). Using of methods based on ANN in the material 

engineering became a promising way for predicting a wide variety of steel properties like thermal conductivity 

[8-10], specific heat capacity [9], electrical conductivity [11], coefficient of thermal expansion [12] or phase 

transition temperatures [13]. It is even possible to propose a new alloy composition based on demanded 

material properties [14].  

2. ARTFICIAL NEURAL NETWORK APPROACH 

Neural network has the advantage of being fast, flexible efficient and accurate tool to predict and model highly 

nonlinear multidimensional relationships. Due to the flexible modeling and learning capabilities of ANN, it is 

possible to solve complex problems without any mathematical relationships between inputs and outputs. This 

method also reduces the need for experimenal work and time-consuming regression analyses. 

2.1. Artificial neural networks 

An ANN has non-linear basic processing units called neurons. The neuron model and architecture of a neural 

network describe how a network transforms its inputs into outputs. The neural network architecture consists of 

multiple layers of neurons which have a summing up junction and a transfer function. A single neuron 
(Figure 2) transmits an input p through the connection that multiplies its strength by the weight w to form a 

product wp. A bias b is then applied - it is much like a weight with constant value of 1 but can be omitted. The 

transfer function then produces the neuron output Y using the product wp and bias. There are various transfer 
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functions, most commonly used are sigmoid and linear. The central idea of an ANN is to adjust weights and 

biases or the network itself adjusts these parameters to achieve accurate results - desired output values.  

 
Figure 2 Simple neuron 

The most commonly used neural network architecture is given in Figure 3:  

 
Figure 3 Neural network architecture 

It consists of one input layer, one output layer, and one hidden layer. The added hidden layer contains 

intermediary parameters that are automatically generated by the model; the hidden layer is necessary in case 
of complex non-linear relationships between the inputs p and the output Y. One or multiple neurons connect 

the input to the hidden layer. Similarly, one or multiple neurons connect the hidden layer and the output layer. 

2.2. Used method 

Thirty-seven low-alloyed steel grades were used for training, validating a nad testing of ANN. These element 
contents represent inputs to the model. Output of model is a value of TL. The chemical composition of the 

steels used in modeling is summarized in Table 1. Source of these data is [4]. 

Table 1 The composition of steels used for the creation of the ANN [own]  

Content (wt%) C Mn Si P S Cu Ni Cr N Mo V Fe 

minimum 0.01 0.02 0.12 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 bal. 

maximum 1.20 1.63 2.07 0.04 0.04 0.2 3.30 5.00 0.02 0.99 0.14 bal. 

mean 0.46 0.72 0.43 0.01 0.01 0.04 0.54 0.92 0.01 0.16 0.01 bal. 
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The MATLAB Neural Network Toolbox is used for the optimization of the ANN architecture. To avoid over-

fitting inputs and targets are subdivided into three subsets - training (70 %), validation (15 %) and testing 

(15 %) subset randomly. Over-fitting leads to inability of the network to provide accurate predictions for new 

sets of inputs but it can only accurate correlate the given inputs. 

Training subset (only) is used to develop the model. The validation subset is used to limit over-fitting - 

preventing the model from memorizing only a given data set and inability to model a new data set with unknown 

values of targets. The test subset is used for checking the generalization capacity of the network - ability to 
provide accurate prediction of unknown TL for new composition of steel and temperature. 

Several ANN were build, for further work ANN with lowest mean absolute error in prediction was chosen. 

Neural network consisted of multilayer perceptron (MLP) with 12 input neuron for element contents 6 hidden 

neurons in hidden layer and 1 output neuron with tanh activation function between inputs and hidden layer and 

exponential transformation function prior to output neuron was used. It has to be stated that there is no certain 
relationship between number of hidden neurons and performance of ANN. It can be ilustrated in Figure 4 

where coeffiecient of determination R2 for predictions (test subset) is plotted against number of hidden neurons. 

 

Figure 4 Number of hidden neurons vs. R2 (test subset) 

3. RESULTS 

Liquidus temperatures of another thirty-three real steel grades were then modeled using the selected ANN. 
The composition range of these grades is in Table 2.  

Table 2 The composition of steels used for evaluating of the ANN model [own]  

Content (wt%) C Mn Si P S Cu Ni Cr N Mo V Fe 

minimum 0.07 0.32 0.17 0.01 0.00 0.03 0.01 0.03 0.00 0.00 0.00 bal. 

maximum 1.03 1.43 0.94 0.02 0.01 0.15 2.34 5.00 0.01 1.22 0.92 bal. 

mean 0.35 0.85 0.32 0.01 0.00 0.08 0.22 0.93 0.01 0.18 0.09 bal. 
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Results were compared with measured values by DTA method. Also comparison of the ANN performance with 

results obtained from IDS and Thermo-Calc has been done. 

The selected ANN based on the MLP12-6-1 architecture performed like this: the maximal absolute error in 

prediction was 10 °C, mean absolute error 0.9 °C with a coefficient of correlation R=0.92. Correlation between 
predicted and measured values is plotted in Figure 5, histogram of deviations from measured values is in 
Figure 6.  

 
Figure 5 Measured vs. predicted values by ANN 

Table 3 contains performance results for ANN, IDS and Thermo-Calc calculations for mutual comparison. It 

can be seen that difference between results from ANN and IDS is generally small and almost negligible but 
IDS seem to be slightly more reliable as values of R2 indicates.  

Nevertheless approach based on ANN showed significantly better accordance between predictions and 

measured values than computations with Thermo-Calc software. One of the possible reasons of this should 

be in fact that not all of the elements from steel composition were used in calculations but this was also the 

case of IDS and ANN calculations.  

Table 3 Comparison of results obtained by different modeling approaches [own]  

  ANN IDS Thermo-Calc 

maximum of absolute error (°C) 10.0 10.0 28.0 

mean absolute error (°C) 0.9 4.3 6.7 

maximum relative error (%) 0.68 0.68 1.88 

mean relative error (%) 0.18 0.29 0.45 

correlation coefficient R 0.986 0.99 0.94 

coefficient of determination R2 0.920 0.982 0.883 
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Figure 6 Histogram of errors  

4. CONCLUSION 

Neural network predictions of liquidus temperatures brought promising results in comparison with commonly 

used software tools like IDS (Inter Dendritic Software) and Thermo-Calc.  

Maximal absolute error in prediction was 10 °C, mean absolute error 0.9 °C with a coefficient of correlation 

R=0.986. These values are at least comparable with those from IDS calculations where a maximal absolute 

error was the same 10 °C, mean absolute error was higher - 4.3 °C and value of R=0.99. Predictions based 

on Thermo-Calc calculations with TCFE8 database came as such: maximal absolute error 28 °C, mean 

absolute error 6.7 °C and value of R=0.94. 

Approach based on ANN is a suitable solution for this specific case of liquidus of steel prediction, further work 

has to be done for other phase transition temperatures for which data are even less available in common 

literature (solidus temperature). It should be stated that presented model was created from data published in 

common literature so procedure can be repeated by almost everyone even with open-source software 

(Octave). 
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Abstract 

Three model alloys based on Fe-C-Cr were studied. Alloys contained carbon of 0.34 wt% and chromium in a 

range of 0.92 - 4.76 wt%. Heat capacities were studied in a low and high-temperature region. The experimental 

heat capacities (“apparent heat capacities”) were obtained using Differential Scanning Calorimetry (DSC) with 

use of a continuous method. The Setaram MHTC (Multi High-Temperature Calorimeter) 96 with a3D DSC 

sensor was used for experiments with the use of the DSC method. Measurements were done in an inert 

atmosphere of pure argon by a heating rate of 5°C/min. The experimental data were compared and discussed 

with the calculation results using SW Thermo-Calc with the use of the TCFE8.1 (Thermo-Calc Fe-based alloys) 

database. Structural and phase analysis was performed with the use of the Olympus IX70 optical microscope. 

There is not an unequivocal trend in increase or decrease of experimental heat capacities with increasing 

content of chromium in the temperature range of 457.15 - 1370.15 K. Experimentally obtained heat capacities 

decrease with increasing content of chromium except for phase transformations in the temperature range of 

1371.15 - 1853.15 K. 

Keywords: Fe-C-Cr alloys, DSC, heat capacity, Thermo-Calc 

1. INTRODUCTION 

Thermophysical and thermodynamic properties of systems based on Fe were and still are a subject of 

extensive research [1-5]. To predict thermophysical and thermodynamic material properties of complex 

systems, it is necessary to have a high quality of experimental data of simpler systems such as Fe-C-O or 

Fe-C-O-Cr [1,2,6-8]. The key material data required for the thermodynamic and thermophysical description of 

materials include the heat capacities, the phase transformation temperatures, latent heat and others [2,4,9]. 

Heat capacities of steels are one of the crucial thermophysical parameters used for process behaviour 

prediction in many applications. Heat capacity is an input variable for many thermodynamical and kinetic 

programs. The dependences of heat capacity on common variables (temperature, pressure) are also 

commonly used as the input data in software packages (e.g. ProCast, Magmasoft, ANSYS Fluent) that are 

applicable in the field of applied research for simulations of technological processes. Experimental data of the 

heat capacities can be found in literature, but it is difficult to find data for given steel and alloys based on Fe 

(with exact chemical composition) [2,9]. 

To obtain thermophysical and thermodynamic properties, thermal analysis methods [10] are often used. This 

paper presents results obtained by one of the thermal analysis methods: Differential Scanning Calorimetry 

(DSC). By this method, heat capacities during continuous linear heating or cooling in the controlled atmosphere 

are studied. The heat flux of the analyzed sample is measured relative to the heat flux of the reference sample 

[10]. 
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Experimentally, there were obtained heat capacities. These data were discussed and compared with results 

calculated using SW Thermo-Calc (ver. 2017a) and the TCFE8 database. 

2. EXPERIMENT 

2.1. Sample characterization 

Three model alloys based on Fe-C-Cr were studied. These alloys contained carbon of 0.34 wt% and chromium 

in the range of 0.92 - 4.76 wt%. Chemical composition that was determined directly on samples for thermal 
analysis is presented in Table 1. 

Table 1 Chemical composition of studied alloys /wt% 

Alloy C Cr O Ni P S Mn Al W 

A 0.344 0.924 0.002 0.001 0.005 0.068 0.056 0.010 - 

B 0.342 2.970 0.020 0.002 0.004 0.052 0.050 0.008 0.024 

C 0.340 4.760 0.002 0.001 0.002 0.006 0.042 0.004 0.044 
 

The samples for DSC analysis were processed into the form of cylinders with a diameter of 5 mm and a height 

of 8 mm. The mass of the cylinders was 1 250 ± 10 mg. The samples were polished (the possible oxidation 

layer was removed) and cleaned by ultrasonic impact in acetone before analysis. Calibration was performed 

using Pt (3N5) for all alloys. 

Structural and phase analysis was performed with the use of the Olympus IX70 optical microscope in a BF 

light field. These analyses were performed on the alloys in the original state (before thermal analysis). 

2.2. Experimental conditions 

For obtaining the heat capacities with the help of Differential Scanning Calorimetry (DSC)was used Setaram 

MHTC (Multi High-Temperature Calorimeter) 96 (with 3D DSC sensor, B-type). The measurements were 

carried out in alumina crucibles with a volume of 360 μl. An empty corundum crucible served as a reference 

sample. Dynamic atmosphere of argon was maintained in the furnace during analysis to protect the sample 

against oxidation. The purity of argon was higher than 99.9999 %.  

There were experimentally obtained “apparent heat capacities”- heat capacities including the latent heat of the 

phase transition. Heat capacities were obtained using the continuous method. Three measurements were 

carried out under the same experimental conditions. The first measurement was done with the empty 

corundum crucible (blank), the second measurement was done with the reference sample Pt (3N5), and the 

last measurement was done with model alloy. The heating rate was 5 °C/min, and the cooling rate was 

10 °C/min. Each type of alloy was observed by two measurements at the same conditions at the controlled 

cycling experiments - two heating runs and two cooling runs. 

3. THEORETICAL CALCULATIONS 

Theoretical calculations were performed using thermodynamic SW Thermo-Calc, version 2017b and TCFE8.1 

database (recommended for Fe-based alloys calculations) and with the CALPHAD method. Elements O, P, S 

are not included in calculations; diamond and graphite phases are also excluded. 

SW Thermo-Calc does not calculate the heat capacity directly but as a function of temperature and enthalpy. 

It is based on the relation:  

cp=dH/dT(J/(K·g))                                                                                                                                                             (1) 
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where cp is heat capacity (J/(K·g)), H is enthalpy (J) and T is temperature (K). 

4. RESULTS AND DISCUSSION 

The heat capacities in the temperature range from 457.15 K to 1852.15 K were studied for all alloys. 
Experimental values were compared with theoretical values obtained by SW Thermo-Calc. Measured 

experimental values of three experimental measurements and theoretical values are presented in Figure 1, 
Figure 3 and Figure 5. In the figures, there are marked temperatures of phase transitions at the experimental 

curves. The start of α →γ is marked as Tα→γ,S and the end is marked as Tα→γ,E. The Curie temperature is 

marked as TC. The temperature of solidus is market as TS, the start of peritectic transformation is marked as 

TP, and the temperature of liquidus is marked as TL.  

4.1. Alloy A 

From the dependence of heat capacities on temperature, it is clear, that experimentally and theoretically 

obtained values show the same trend within the temperature range, i.e. 457.15 - 1017.15 K, 1104.15 - 
1713.15 K and 1804.15 - 1853.15 K, (Figure 1). The experimentally obtained heat capacities are within the 

range of 0.46 - 0.93 J/(K·g) and the calculated ones are in the range of 0.52 -1.03 J/(K·g). 

 

Figure 1 Comparison of experimentally and theoretically heat 

capacities of alloy A 

Figure 2 A perlite-ferritic 

structure of alloy A 

The experimentally determined maximum in the phase transformation of α→γ is 3.48 J/(K·g), and the 

calculated maximum of this transformation is 8.37 J/(K·g). The difference between the experimental and 

theoretical maximum is 4.89 J/(K·g). The experimentally determined maximum in the melting range is 

11.37 J/(K·g) and the calculated maximum is 10.26 J/(K·g). The difference between the experimental and 

theoretical maximum is 1.11 J/(K·g). This difference is lower than by transformation of α→γ. 

Structural and phase analysis was performed for this alloy (Figure 2). Alloy A has a perlitic structure with 

ferritic girding. 

4.2. Alloy B 

From the dependence of heat capacities on temperature, it is clear, that experimentally and theoretically 

obtained values show the same trend within the temperature range, i.e. 457.15 - 1047.15 K, 1100.15 - 
1693.15 K and1799.15 - 1853.15 K, (Figure 3). The experimentally obtained heat capacities are within the 
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range of 0.44 - 1.07 J/(K·g), and the calculated ones are in the range of 0.52 - 1.11 J/(K·g). The experimentally 

determined maximum in the phase transformation of α→γ is 3.29 J/(K·g) and the calculated maximum of this 

transformation is 5.42 J/(K·g). The difference between the experimental and theoretical maximum is 

2.13J/(K·g). The experimentally determined maximum in the melting range is 11.41 J/(K·g), and the calculated 

maximum is9.84 J/(K·g). The difference between the experimental and theoretical maximum is 1.57 J/(K·g). 

This difference is lower than by transformation of α→γ. 

Structural and phase analysis was performed for this alloy (Figure 4). Alloy B has a bainitic structure with the 

local carbides and perlite residues.  

 

Figure 3Comparison of experimentally and theoretically heat 

capacities of alloy B 

Figure 4 A bainite-perlitic 

structure of alloy B 

4.3. Alloy C 

From the dependence of heat capacities on temperature, it is clear, that experimentally and theoretically 

obtained values show the same trend within the temperature range, i.e. 457.15 - 1070.15 K, 1108.15 - 
1713.15 K and 1804.15 - 1853.15 K, (Figure 5).  

 

Figure 5 Comparison of experimentally and theoretically heat 

capacities of alloy C 

Figure 6 A martensitic-bainite-

perlitic structure of alloy C 
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The experimentally obtained heat capacities are within the range of 0.44 - 1.19 J/(K·g), and the calculated 

ones are in the range of 0.53 - 1.09 J/(K·g). The experimentally determined maximum in the phase 

transformation of α→γ is 4.07 J/(K·g), and the calculated maximum of this transformation is 7.89 J/(K·g). The 

difference between the experimental and theoretical maximum is 3.82 J/(K·g). The experimentally determined 

maximum in the melting range is 11.68 J/(K·g) and the calculated maximum is 9.42 J/(K·g). The difference 

between the experimental, and theoretical maximum is 2.26 J/(K·g). This difference is lower than by 

transformation of α→γ. 

Structural and phase analysis for alloy C is in Figure 6. This alloy has a martensitic structure with the bainite 

and sulfides. 

5. CONCLUSION 

The heat capacities were studied by DSC method. These heat capacities were discussed and compared with 

the theoretical calculations using SW Thermo-Calc. For all alloys was performed structural and phase analysis. 

The experimentally obtained heat capacities are relatively close to the calculated values in the high-

temperature area. More pronounced differences are between experimental and theoretical values of heat 

capacities in the low-temperature area. Experimentally obtained heat capacities decrease with increasing 

content of chromium except for phase transformations in the temperature range of 1371.15 - 1853.15 K. In the 

high-temperature area, with increasing content of chromium, the maximum heat capacities are being 

increased, which are also shifted to the lower temperature. There is not an unequivocal trend in increase or 

decrease of experimental heat capacities with increasing content of chromium in the temperature range of 

457.15 - 1370.15 K. In the low-temperature area, there is no clear trend of shifting of the maximum heat 

capacities, which are shifted to the higher temperatures. 

Values of the heat capacities are mostly calculated only concerning the chemical composition, but the heat 

capacities value (dependence) may be influenced by structure, phases present in the sample and influenceof 

the deformational state. Therefore, the best way to obtain proper data for the system under investigation is by 

carrying out an experiment. 

The heat capacities of alloys based on Fe-C (steels) are one of the crucial thermophysical parameters used 

for process behaviour prediction in many applications (thermal treatment of steels) in SWs Magmasoft, 

Procast. 
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Abstract  

Formation of oxide layers on the surface is inherent part of steel production. The presence of the oxide layer 

primarily influences the surface quality and material losses during steel processing. The influence of the oxide 

layer on the cooling intensity and homogeneity is not frequently reported but even thin layers of oxides can 

significantly modify the cooling intensity. Although the cooling intensity is primarily affected by spray 

parameters as pressure and coolant impingement density, the influence of the oxide layer should be also 

considered for optimal setting and regulation of the secondary cooling zone. The influence of the oxide layer 

on the heat transfer coefficient and Leidenfrost temperature is investigated in this paper. Laboratory 

measurement compares the spray cooling of oxide-free steel surface and oxidized steel surface. Results of 

measurement also show the impact on the spray cooling homogeneity due to local breaking up of the oxide 

layer. 

Keywords: Scale, oxide layer, heat transfer coefficient, spray cooling, Leidenfrost temperature 

1. INTRODUCTION 

Water spray cooling is a common cooling method used in many high temperature industrial applications, such 

as metal processing or electronics cooling. Continuous casting of the steel includes the formation of oxides on 

the surface. These oxides form a porous layer on the steel surface. The oxide layer has a very low thermal 

conductivity compared to the steel and acts as a thermal barrier. This thermal barrier lowers the heat flux from 

the metal surface to the surroundings when it is cooled by the air but the use of water can cause a shift of the 

Leidenfrost temperature and intensify the cooling for a short time period [1,2]. 

The heat transfer coefficient and the Leidenfrost temperature (temperature at which the minimum heat flux 

occurs) are mainly influenced by the water impingement (spray) density and by the surface temperature [3]. 

The influence of the oxide layer is not as significant as previous factors, but it shouldn’t be neglected for better 

control of the temperature in a secondary cooling zone which can minimize surface defects during the 

continuous casting process of the steel [4].  

This paper deals with the influence of the oxide layer on the spray cooling heat transfer coefficient and 

Leidenfrost temperature. Results of spray cooling laboratory measurement in which oxidized steel samples 

were cooled by flat jet nozzle with typical use in a secondary cooling zone are presented.  

2. HEAT TRANSFER COEFFICIENT MEASUREMENT 

Four test samples with dimensions 155x60x25 mm were prepared from the spring steel 54SiCr6 (1.7102). Two 

holes for thermocouples (diameter 1.5 mm, type K) were drilled from the top side in the positions [-30,0] and 
[30, 0] to each sample. The position [0, 0] is in the centre of the sample (Figure 1). 
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Figure 1 Test samples: clean (left) and oxidized (right) 

The test bench is shown in Figure 2. It consists of an electric furnace, covering sheet, hot test sample, 

moveable mechanism with nozzle and nozzle’s deflector. The flat jet nozzle (SS.CO 8006) with spray angle 

80° was positioned 300 mm under the test sample. The water pressure was set at 2 bars during the experiment 

and measured flow rate was 0.0317 l/s.  

 

Figure 2 Test bench 

Two samples (A and B) were oxidized in an electric furnace and two samples (C and D) were remained clean 

(without oxides). The sample A was oxidized at a temperature of 900 °C for 60 minutes and the sample B was 

oxidized at a temperature of 1050 °C for 30 minutes. Holes for thermocouples were cleaned (the formed oxides 

were removed) and shielded grounded thermocouples were positioned 2 mm from the bottom (spray cooled) 

surface before the measurement. Each sample was isolated from the top side and was heated in an electric 

furnace on the temperature 760 °C in a protective nitrogen atmosphere (avoiding of the oxidation). Then, the 

sample was removed from the furnace and it was positioned on the test bench. The deflector was opened, and 

the cooling started. 

Samples A (oxidized) and C (clean) were cooled by static nozzle (the centre of the nozzle was positioned 

under centre of the test sample and samples B (oxidized) and D (clean) were cooled by moveable nozzle. The 

nozzle passes under the test sample with the velocity 4 m/min. The deflector was opened (the sample was 

cooled by spray) in one direction and the deflector was closed (no spray cooling) in backwards direction. 

x 
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The test sample A was cut after the experiment and the oxide layer was observed in a position of thermocouple 
T2 on the optical microscope (Figure 3). The oxide layer was destroyed on the sample B during the 

experiment. The photos of the oxide layer formed on the same steel sample at same oxidation condition as 
sample B is in Figure 4. The thickness of the oxide layer on the sample A and also on the sample B was 

approx. 150 μm. 

 

Figure 3 Oxide layer formed on the sample A 

 

Figure 4 Oxide layer formed on the sample B 

3. RESULTS OF THE MEASUREMENT 

The inverse heat conduction problem was 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, 

was employed [5]. The dependence of the HTC on the surface temperature is directly obtained from the inverse 

calculation for static experiments. This dependence is obtained by averaging along the position (interval 10 mm 

around the thermocouple position) for the measurements with moveable nozzle [3]. 

3.1. Static nozzle 

The heat flux dependent on the surface temperature for the clean surface (sample C) and oxidized (sample A) 
is shown in Figure 5. The heat flux values are average values from both thermocouples (T1 and T2). It is 

evident that the heat flux is slightly higher for clean surface for high surface temperatures (higher than 580 °C). 

The HF is also higher for clean surface for low surface temperatures (lower than 300 °C). The HF is higher for 

oxidized surface for surface temperatures between 300 °C and 580 °C. Higher HF for oxidized surface is 

caused by the shift of the Leidenfrost temperature. The Leidenfrost temperature for the clean surface is around 

600 °C and for oxidized sample is 540 °C. 
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Figure 5 Comparison of clean surface and oxidized surface heat flux  

3.2. Moveable nozzle 

The oxides on the sample B were destroyed during the spray cooling with moveable nozzle. The oxide surface 

was perfect until the time approx. 290 s when the oxide layer started to break up close to the position of the 
thermocouple T1 (Figure 6). The oxide layer does not cover the area around thermocouple T1 at time 400 s 

but the position of thermocouple T2 was still covered by the oxide layer at this time. The oxide layer was largely 
destroyed around the position of T2 thermocouple after the experiment (Figure 6). 

 

Figure 6 Cooled surface of the test sample B during the measurement 

Time dependent HTCs and computed surface temperatures for both thermocouples are shown in Figure 7 for 

oxidized sample (B). We can see slight increase of the HTC for the thermocouple T1 around the time 290 s. 

This increase is at the same time in which the oxide layer became broken around T1. There is significant 
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difference in HTC in positions of thermocouples T1 and T2 at time 400 s. The HTC is significantly higher for 

T2 (oxidized surface) than for T1 (clean surface - removed oxides). This is caused by the shift of the Leidenfrost 

temperature. The HTC drops down in position of T2 at time approx. 580 s. This drop is caused by the 

destruction of the oxide layer in position of T2. The dependence of the HTC on the surface temperature is 
shown in Figure 8. 

This measurement demonstrates significant impact of the oxide layer on the cooling homogeneity especially 

for surface temperatures around the Leidenfrost temperature. The cooling intensity is significantly different on 

the clean surface than on the oxidized surface at time 400 s. 

 

Figure 7 Time dependent HTC and surface temperature for oxidized surface (sample B) 

 

Figure 8 Dependence of the heat transfer coefficient on the surface temperature 

4. CONCLUSION 

Laboratory measurements showed influence of the oxide layer on the heat transfer coefficient and especially 

on the Leidenfrost temperature. The presence of the oxide layer shifts the Leidenfrost temperature to higher 
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values and decreases the heat transfer coefficient during film and nucleate boiling regime. The local 

destruction of the oxide layer can cause different heat transfer coefficient than on the surface which is covered 

by the oxide layer. This can influence the cooling homogeneity mainly for soft sprays like in a case of the 

secondary cooling zone during the continuous casting. 
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Abstract 

This article deals with the secondary cooling in a continuous caster. In particular, it deals with homogeneity / 

inhomogeneity in places where surface of slab is partial shielded by rollers and bearing pocket between rollers. 

Influence of gap between rollers was also considered. 

Homogeneity of cooling intensity distribution was experimentally studied in two stages (cold and hot tests).  

In the first stage (cold tests) water flow and water distribution was observed optically using a transparent board 

with studied surface structures (rollers and bearing pockets). 

In the second stage (hot tests) the cooling tests with steel plate (fitted with studied structures) were performed. 

Cooling homogeneity was studied based on temperature distribution of the non-cooled side of sample, which 

was recorded by infrared camera.  

Keywords: Steel, continuous caster, cooling homogeneity, measurement, infrared camera 

1. INTRODUCTION 

Knowledge of cooling intensity and homogeneity is essential for controlling whole casting process including 

the surface temperatures which can influence quality of surface [1]. Cooling intensity of spray nozzle is 

dependent on many factors. The first group is formed by parameters of nozzle itself (for example geometry, 

water flow or water/air flow for mist nozzles, impact angle) [2]. The second group of factors is for example 

surface temperature [3] and roughness [4], temperature and chemical composition of coolant or structures 

close to the surface (as rollers) which can partially distort the water jet.     

This article is focused to the influence of rollers to cooling intensity of nearby mist nozzles. The walls of the 

slab are support by rollers against the ferrostatic pressure. Rollers and slab are cooled by water or mist 

nozzles. Rollers can be split over the width to segments for case of wide width of slab [5]. In this case the 

rollers are divided by bearing pocket. Due to the different geometry of bearing pocket than rollers (especially 

the gap between pocket and slab) this structure can significantly influence water flow over the slab surface. 

Impact on cooling intensity and homogeneity was studied and results are described in this text.  

2. COLD TEST 

Setup of nozzles with rolls and slab were assembled for the cold test (model was built in real scale). Tests 

were focused to the study the water flow on the surface and through the gaps between the rolls. The slab was 
replaced by transparent glass, see Figure 1. This allowed observation from both sides (front and rear).  
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Figure 1 Experimental device for cold test 

Homogeneity tests were performed with nozzles used in conventional caster - mist nozzles because they 

provide good controllability of the heat transfer coefficient (HTC) [6, 7]. Three various water/air flowrates and 

three different slab inclinations (30°, 45°, 60°) from vertical position were tested, both in positive and negative 

directions of inclination. Example of water distribution (water footprint) on slab surface (transparent glass) is 
shown in Figure 2. 

 

Figure 2 Example of observed water distribution front and rear view 

3. HOT TEST 

Hot test bench was built at Brno University of Technology. The hot heat transfer test was done as stationary 

test without movement of the test plate. Rolls with identical geometry as in plant conditions was made and 
connected to the test plate, see Figure 3.  

Surface temperature of the non-cooled side was recorded by infrared camera, see Figure 3. Raw data from 

the camera were filtered (in space and time) and calibrated using emissivity for each point. Example of 
captured temperature distribution by infrared camera is shown in Figure 4. 
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Hot tests were performed with three initial temperatures of test plate (600 °C, 900 °C and 1100 °C) for 

inclination angle 0° and with initial temperature 900 °C for inclination angle -45°. Each test was performed for 

three level of flowrate rate (Small, Medium and Large). 

 

Figure 3 Experimental device for hot test 

 

Figure 4 Example of temperature distribution captured by infrared camera 

Inverse task was used for evaluation of HTC on the cooled surface [8, 9]. Relative HTC values for three level 
of flow rates are plot in corresponding figures from cold test, see Figures 5, 6, 7.  
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Figure 5 Relative cooling intensities for small flowrate 

 

Figure 6 Relative cooling intensities for medium flowrate 

 

Figure 7 Relative cooling intensities for large flowrate  
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4. RESULTS 

Nozzles have significant inhomogeneous cooling intensity along the spray width. Moreover, the cooling 

intensity distribution in nozzles footprint is dependent on water flowrate. Relative cooling intensities for different 

flowrate are showed in Figures 5-7. Maximum cooling intensity is a under the nozzle for small flowrate  

(Figure 5). For increasing of the flowrate the maximum cooling intensity is shifting along the spray width from 

center to the overlap region (Figure 6 - medium intensity). The maximum cooling intensity is shifted to the end 

of spray width for large flowrate and maximum cooling is near and in the overlap (Figure 7). 

However, the different situation can be observed for high starting temperature (1100 °C) where no difference 

in cooling intensity was found as the water is separated by vapor layer from the surface (Leidenfrost effect 

[10]).  

Hot test also showed that is no significant influence of gap between rolls to the cooling rate. 

5. CONCLUSION 

Design of experiment for homogeneity tests (hot and cold test) was developed in Heat transfer and fluid flow 

laboratory. Cold tests were performed with transparent plate to allowed observation both from front and rear 

sides.  

Infra-red camera was used to record temperature distribution on the rear side of test plate during hot tests. 

Pour homogeneity of cooling intensity under the nozzles can be easily observed from the temperature profiles 

(for example Figure 4). Hot test proved that the water flow in gap between rolls has very small influence to 

increase the cooling rate. The reason is small water flow through the gap with low impact pressure. Greater 

inhomogeneity can be observed under the spray along the spray width which is different for each tested flow 

rate (low, medium, large). 
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Abstract 

This paper presents intensively cooled ingot during casting and solidification and comparison of obtained 

results with numerical simulation in Magma 5 software. The technology of intensive cooled ingot has been 

developed and physically verified in MATERIAL AND METALLURGICAL RESEARCH Ltd. The results of the 

numerical casting simulation of the cast ingot were obtained in the Magma 5 software, which includes a new 

module, including the heat transfer through the flowing medium. The 1.3520Mo steel melt was cast in both 

cases into a V2A ingot mould set, the forging ingot weighing 1,690 kg. Intense heat removal was provided by 

a cooler placed on a casting plate, which became an integral part of the ingot after melt casting.  

Keywords: Cooling, steel, water, simulation, structure 

1. INTRODUCTION 

In the MATERIAL AND METALLURGICAL RESEARCH COMPANY s.r.o. (hereinafter referred to as MMR) 

have been developing technologies for increasing the quality of cast materials for many years. Research and 

Development was focused on manufacturing technologies, alloying additives and casting parameters, followed 

by melt refining technology, especially under reduced pressure, see [1], and also using slag modes to increase 

yield, see [2] and last but not least by alloying the gaseous nitrogen into the melt. All of these works were 

focused on molten steel in the melting aggregate. Subsequently, the work at MMR was focused on controlling 

the casting process, because the casting process is generally controlled by casting temperature, casting time, 

and ingot mould assembly. MMR added another element, namely ingot cooling during casting and 

solidification. For ingot cooling, we used the knowledge and experience of the authors [3], [4], [5], [6], [7], [8], 

[9], [10], [11]. 

The technology of intensive cooling of steel casted into the ingot mould has been designed, tested and 

evaluated in the MMR, this technology is protected by patent no. CZ306775B6. The aim of this work was to 

reduce the temperature of the casting steel to eliminate the occurrence of internal porosity and segregation. 

Two ingots of quality 1.3520Mo were cast in this work, both ingots have the same chemical composition and 

the same casting temperature and casting time conditions were observed for both cast ingots. Both ingots 

were compared from the point of view of macrostructural and chemical homogeneity in the longitudinal axial 

section and three cross sections at the height of the ingot. Comparison of the heat output through the mould 

wall and the amount of heat dissipated from by cooling was determined. The influence of heat to change 

internal defects and chemical composition was compared with numerical simulation of casting and solidification 

in Magma 5 software. Numerical simulation in Magma 5 software was done in cooperation with Magma, using 

a newly module for removing heat from a cast ingot. 
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2. COOLING EXPERIMENTS 

The technology of ingot cooling was verified on the steel quality of 1.3520 modified by molybdenum and 

referred to later as 1.3520Mo. The required chemical composition of the 1.3520Mo steel and the chemical 

composition of cast melts from the induction furnace (hereinafter IM) into the casting furnace (hereinafter CL) 

for both experimental melts are given in the Table 1. 

Table 1 Required and target chemical composition of the steel grade 1.3520Mo 

Steel 1.3520Mo 
Chemical composition (wt%) Tlik. 

(°C) C Si Mn Cr Mo Cu Ni P S Al 

Requirement 
min. 0.90 0.35 0.90 1.30 1.20 - - - - - 1471 

max. 1.10 0.65 1.20 1.65 1.30 0.250 0.30 0.027 0.030 0.010 1450 

Melt in the CL 
uncooled melt 

1.00 0.44 0.99 1.53 1.24 0.035 0.08 0.018 0.009 0.018 1457 

Melt in the CL cooled 
melt 1.01 0.52 1.03 1.55 1.26 0.03 0.12 0.025 0.008 0.021 1458 

First, the uncooled ingot was cast and then the intensively cooled ingot was casting under the same 

metallurgical conditions. The steel melt for both ingots was manufactured in IM and in both cases weighing 

1750 kg. After melting the basic charge and alloying ingredients, the chemical composition control and 

modification of the elements content was performed by alloying to the required range. After heating melting 

temperature 1600 °C, the melt was cast from IM to CL. The melt was cooled to 1551 °C during pouring into 

the CL. The relatively high casting temperature, 94 °C above the liquidus temperature, was chosen on the 

basis of long-term practical experience for these types of steels, because in the low-capacity ladle the liquid 

steel cooled faster. Subsequently to 1 min. the melt was poured under a protective atmosphere of argon to the 

ingot forging mould assembly V2A type. The casting time of the ingot was 5.5 minutes and pouring time of the 

whole ingot was 7.2 min. In the case of a cooled ingot, the cast melt was intensively cooled from the beginning 

of casting. The weight of cast ingots was 1,690 kg. Both ingots solidified in the mould and after approx. 60 min. 

were stripped and placed in annealing furnace for 4 hours at a temperature of 770 °C followed by slow cooling 

in the furnace. 

3. EVALUATION OF ACHIEVED RESULTS 

Ingots were cut at the height into 4 samples marked I, II, III and IV, and these sections were examined. The 

samples were evaluated to a macro-structure perspective. Further samples were taken from the cross sections 

marked A, B and C. In these samples the chemical composition was determined from the centre of the ingot 

to its edge and macrostructure was also evaluated. 

When comparing the macro-structure of the uncooled and cooled ingot, see Figure 1, the influence of intensive 

heat removal is evident, especially on the shape of the columnar crystals and the porosity, which starts at 100 

mm higher in the case of the cooled ingot in the axial cut as compared to the uncooled ingot. This corresponds 

to the course of the melt temperature change from the liquidus temperature to the solids temperature, see 

Figure 2, numerical simulation in Magma 5 software. The cooled ingot at the bottom has a substantially 

displaced porosity towards the upper part, see Figure 3, which we value very positively. The observed 

dimensions of the zones on the height of the two ingots are shown in Figures 4 and 5. The main features of 

the macrostructure (the porosity and the occurrence of the columnar crystals) of the two ingots are compared 

in Figure 6. 
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The macrostructures show that the influence of intense cooling has significantly manifested in the bottom part 

of the ingot where the zone of coarse, differently oriented crystals has grown. In addition, it has been found 

that intensive heat removal during casting and solidification has a major effect on reducing the segregation of 

the C, Cr and Mo elements. The calculation of the heat balance showed that approximately 20 % of the heat 

was removed from the cooled ingot than from the uncooled ingot. The highest heat removing was at the bottom 

of the cooled ingot. 

The evaluation of the ingot macrostructure showed that in both cases the porosity was closed - the melt under 

the head extension has solidified before the ingot body. It follows that the head extension does not sufficiently 

fill the filling function of the molten metal to the ingot. Based on this finding, the shape and size of the head 

extension has been optimized. 

  

Figure 1 Macrostructure in the axis of uncooled 

and cooled ingot 

  

Figure 2 Solidification of molten steel Quality 

1.3520Mo from liquidus to solidus temperature, for 

uncooled and cooled ingot in software Magma 5 

  

Figure 3 Macrostructure in the axis of uncooled and cooled ingot, detail of the bottom part of ingots 
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Figure 4 Schematic analysis of macrostructure in 

the axis of uncooled 

 

Figure 5 Schematic analysis of macrostructure in 

the axis of cooled ingot 

 

Figure 6 Schematic analysis of macrostructure in the axis of uncooled and cooled ingot 

4. EVALUATION OF CHEMICAL COMPOSITION 

Comparison of the uncooled and cooled ingot shows that at the bottom part the C, Cr and Mo elements have 

a very low negative segregation due to the intense heat transfer from the melt when the ingot is solidified. A 

smaller difference of segregation is observed in the middle of the ingot height. Conversely, in the section below 

the head extension, the segregation of C and, above all, of Cr and Mo is lower for the cooled ingot than for the 
uncooled, see Table 2. The course of the carbon concentration in the ingot's bottom part both in the 

experiments performed and in the numerical simulation in Magma 5 is identical, see Figure 7. 

  

Figure 7 Course of the content of carbon in cross-section of the uncooled and cooled ingot, in the bottom 

part of ingots, in software Magma 5, range 0.850 to 1.100 % C 
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Table 2 Chemical composition of the samples in cros-section A, B and C of the ingots - the first  

  measurement 

Sampling 
site 

Indica
tion 

Element content (wt%) Coefficient of segregation (1) 

C Cr Mo C/Co Cr/Cr Mo/Mo 

un- 

cool. 
cool. 

un- 

cool. 
cool. 

un- 

cool. 
cool. 

un- 

cool. 
cool. 

un- 

cool. 
cool. 

un- 

cool. 
cool. 

Bottom part 

A1 0.95 1.01 1.52 1.54 1.25 1.30 0.95 1.00 0.99 0.99 1.01 1.03 

A2 0.98 1.01 1.52 1.54 1.27 1.29 0.98 1.00 0.99 0.99 1.02 1.02 

A3 0.99 1.01 1.53 1.54 1.28 1.29 0.99 1.00 1.00 0.99 1.03 1.02 

A4 1.03 1.02 1.54 1.55 1.28 1.30 1.03 1.01 1.01 1.00 1.03 1.03 

A5 1.03 1.03 1.55 1.56 1.30 1.31 1.03 1.02 1.01 1.01 1.05 1.04 

Ingot 

B1 0.97 0.97 1.50 1.50 1.23 1.22 0.97 0.96 0.98 0.97 0.99 0.97 

B2 1.00 0.99 1.51 1.52 1.24 1.26 1.00 0.98 0.99 0.98 1.00 1.00 

B3 1.02 1.01 1.54 1.55 1.28 1.29 1.02 1.00 1.01 1.00 1.03 1.02 

B4 1.03 1.04 1.55 1.55 1.29 1.30 1.03 1.03 1.01 1.00 1.04 1.03 

B5 1.03 1.02 1.55 1.56 1.29 1.31 1.03 1.01 1.01 1.01 1.04 1.04 

Under the 
head 

extension 

C1 1.01 1.01 1.51 1.54 1.22 1.30 1.01 1.00 0.99 0.99 0.98 1.03 

C2 1.01 1.03 1.52 1.55 1.26 1.32 1.01 1.02 0.99 1.00 1.02 1.05 

C3 1.02 1.04 1.55 1.56 1.30 1.33 1.02 1.03 1.01 1.01 1.05 1.06 

C4 1.01 1.04 1.55 1.56 1.28 1.31 1.01 1.03 1.01 1.01 1.03 1.04 

C5 0.99 1.01 1.55 1.56 1.29 1.31 0.99 1.00 1.01 1.01 1.04 1.04 

Melt in in the CL 1.00 1.01 1.53 1.55 1.24 1.26 - - - - - - 

5. EVALUATION OF THE THERMAL BALANCE 

For uncooled and cooled ingots, the thermal balance of the ingot mould set was determined. The heat from 

the surface of the ingot mould, the heat accumulated in the mould wall and the head extension, the heat 

produced by the cooling medium, and the enthalpy of the ingot was finally determined. 

 

Figure 8 Items of thermal score of non-cooled 

ingot 

 
Figure 9 Items of thermal score of cooled ingot 
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In the graphs Figure 8 and 9, the individual colors represent the heat accumulated in the wall of the ingot 

mould set Qacc (J), heat abduced to the surroundings Qamb (J) and heat abduced by the cooling medium 

Qcool (J) as a function of time. The total height of all areas represents approximately the loss of the enthalpy 

from the ingot in the neglect of the heat of other heat items Qoth. Comparison of the heat balances of uncooled 

and cooled ingot results in about 20 % more heat to be removed from the cooled ingot than the uncooled ingot 

for the same time period, i.e. 772 MJ of the cooled ingot versus 635 MJ of the uncooled ingot. 

6. CONCLUSION 

The macrostructural characteristics, the chemical heterogeneity analysis of the 1.3520Mo steel ingot and the 

numerical simulation in the Magma 5 software show that the influence of the intense cooling of the cast ingot 

manifested itself greatly in the bottom part of the ingot, where the zone of the columnar crystals increased. 

The evaluation of the macrostructure also shows that the cooled ingot compared to the uncooled ingot has a 

significant porosity shift to the upper part of the ingot. However, for both ingots, the porosity of the ingot body 

was closed, which is related to the insufficient insulation of the head attachment.  

The head extension is solved separately. Comparison of the chemical composition in ingot cuts by height and 

cross-section shows that the intense heat removal during casting and solidification has a major effect on 

reducing the segregation of the C, Cr and Mo elements.  

Thermal balances showed that approximately 20 % of the heat was removed from the cooled ingot more than 

from the uncooled ingot. The highest increase in heat output was found at the bottom part of the ingot. 
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Abstract 

A modification to the Metropolis algorithm, which drives Monte Carlo (MC) simulation of grain growth, is 

suggested here. Though MC simulation allows for study of effects of variables on growth kinetics and growth 

inhibition in ways not possible by experimentation, the method has been largely limited to the understanding 

of these phenomena with a generic metal in mind rather than a specific one. During MC simulation, variables 

such as time, temperature and grain size have only their simulation equivalents considered and are assumed 

the same for all materials. The present work manipulates the Metropolis algorithm in such a way that it mimics 

growth kinetics of known metals, as observed through experimentation. We propose Kalale-Bhat-Mukherjee-

Kashyap (KBMK) factors, which help yield precise grain growth exponents. This, along with other results 

relating length and time scales between real and simulated microstructures, can pave the way for an effective 

Material-Specific MC simulation of grain growth in future. 

Keywords: Metropolis Algorithm, Hamiltonian, Grain growth exponent, MCS, KBMK factors 

1. INTRODUCTION  

The Monte Carlo (MC) technique using the Metropolis algorithm was first adapted by Anderson et al [1] in the 

1980’s for the simulation of microstructure evolution. This along with Srolovitz et al [2] for 2D grain growth and 

the later extension to 3D grain growth by Anderson et al [3] pioneered renewed research in recrystallization 

and grain growth using the various computational techniques. Since then computer simulation of grain growth 

has come a long way with major contributions towards its progress made by several research scientists  

[4 - 11] from around the world, to name a few Grain growth studies with respect to its kinetics, growth inhibition 

due to Zener pinning, abnormal grain growth, etc., have all been extensively investigated through MC 

simulation over the years. But all such simulations carried out till date has been with reference to a generic 

material, without name or number. Though MC simulations have been able to investigate the effects of different 

variables on grain growth, which otherwise would be very difficult in experimentation, they have not been able 

to allow for comparison with real materials and their microstructures. Ultimately if Monte Carlo simulations 

have to be used in predicting grain size, either during grain growth or in pinned regimes, material specificities 

may have to come into picture, owing to varied reactions of the materials to the principle operating variables 
viz. time and temperature. For material-specific Monte Carlo simulations of grain growth to become a reality, 

the following challenges have to be met from a broad perspective: 

1) To achieve specific grain growth exponents by controlling the rate at which simulated grains grow. 

2) To convert the simulation time scale to real time, for the material in question. 

3) To adjust the length scales between simulated and real microstructures. 

4) To correlate simulation and real temperatures.  

An initial attempt therefore has been made in this work to address the first of the four conditions mentioned 

above. This has been achieved through the manipulation of the Metropolis algorithm which drives the MC 

simulation.  
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1.1. Metropolis Algorithm 

The Monte Carlo method is a stochastic computer simulation technique applied to study grain growth and 

related phenomena. While analytical models predict ensemble characteristics of microstructure evolution in 

polycrystalline materials, algorithm-based computer simulations have helped generate snapshots of 

microstructure evolution with time. Applying this simulation route to metallography, both local and ensemble 

properties of the microstructure may be determined. Quite a few computer simulation methodologies have 

been tried over the years, and among them, the Monte Carlo method is one of the most effective techniques 

employed to simulate evolution of microstructure in polycrystals. This method was initially developed for 

studying the diffusion of neutrons in fissionable materials but was adapted for grain growth studies since the 

underlying processes were both stochastic in nature. 

In its basic form, the procedure for MC (Potts model) simulation of grain growth and based on Metropolis 

Algorithm [1] is as follows: 

1) The basic lattice type is first chosen i.e. square or triangular. We have considered a square lattice. 

2) A square matrix of size ‘N’, populated with random numbers, is then generated, using an appropriate 

coding platform. These numbers range from 1 to Q, where Q stands for the number of grain orientations 

in the digitally evolving microstructure. 

3) Among the N2 elements present in the matrix, a random element is chosen and is compared with all its 

nearest neighboring elements, which in the case of square lattice is eight. 

If  i = element randomly picked, 

    j = any of the eight neighboring elements that i is compared with 

then, 

∂ij = 0               if  i ≠ j 

∂ij = 1             if  i = j  

Where ∂ij = Kroneckar delta, a relative interaction energy value between one element and any other 

neighboring element. The Hamiltonian is then calculated for the chosen element by the following 

relation, 

 (Ε1) = � � ∑ ��si ∂sj �  1���                        (1) 

4) The Q-value of the chosen element is now flipped into a new random element, and in its place, the 

Hamiltonian (E2) is calculated again for the new element using equation (2). This then gives the energy 

change, ΔE = E2 - E1. 

5) If  ΔE ≤  0, the change is accepted  

 else if ΔE > 0, the change is rejected.  

6) In the above process steps 3 to 5 form one iteration of the algorithm. Each iteration is then repeated ‘N2’ 

times to constitute one Monte Carlo Step (MCS). 

From the above procedure it is understood that each Monte Carlo step iterates the Metropolis algorithm N2 

times which means that there are N2 attempts to swap spins and also to reduce the system energy which is 

the Hamiltonian. If, instead of N2 attempts in each MCS, a different number of attempts are made, the rate at 

which Hamiltonian reduces, and therefore the rate at which grains grow, could be controlled. If N2 is multiplied 

by a fraction, having values between 0 and 1, the rate at which grains grow would exactly behave the way that 

we want it to. Since most known and important materials have been tested for growth kinetics through 
experimentation, their grain growth exponents (n) are well established [12]. For example, the grain growth 
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exponent (n) of Aluminum is 0.25 [13], that of Iron is 0.4 [14], and the value for tin is 0.5 [15]. Keeping this as 

the starting point the Metropolis algorithm was manipulated to yield precise grain growth exponents in the 

simulated grain growth environment as well. In order to obtain significant grain growths in simulation 

environment, the Metropolis algorithm had to be run millions of times in case of each metal.  

2. RESULTS AND DISCUSSIONS 

Simulations were run on a 1000 x 1000 matrix considering square lattice and under periodic boundary 

conditions while the code was developed on JAVA platform. It was coded in such a way that instead of N2 

iterations which would make one MCS, a fraction of it was considered. Table1 gives a list of many such values 

which when taken as a fraction of each MCS, would control grain growth rate during simulation and hence 

yield the required grain growth exponent values. We wish to call them Kalale-Bhat-Mukherjee-Kashyap factors 
or KBMK factors. 

Table 1 Kalale-Bhat-Mukherjee-Kashyap (KBMK) factors to yield different ‘n’ values 

Grain growth exponent (n) KBMK factors Grain growth exponent (n) KBMK factors 

0.1958 0.0005 0.3168 0.02 

0.2033 0.00055 0.3444 0.05 

0.2101 0.0006 0.3798 0.1 

0.2223 0.0007 0.3999 (Fe) 0.15 

0.233 0.0008 0.4204 0.2 

0.2418 0.0009 0.4413 0.3 

0.2504 (Al) 0.001 0.4487 0.4 

0.3357 0.005 0.4539 0.5 

0.3343 0.006 0.4591 0.58 

0.3248 0.01 0.4965 (Sn) 2 

KBMK factors share an exponential relationship with grain growth exponent (n) and can be approximated as, 

KBMK factor = exp ^ ( 29.32n - 13.9 )            (2) 

Using eq. 2 we can substitute the grain growth exponent value of any metal as n and the resulting KBMK factor 

can be multiplied to N2 of the Metropolis algorithm to achieve grain growth as applied to a known material. 

Simulations were run for varying number of MCS (which is the simulation equivalent of time) to allow for grain 

growth, and at each juncture the average grain size (R (mean)) was found through coding. From theory, Burke 

and Turnbull [16] have given us the equation which relates the average grain size and time as, 

R ( mean)= k t1 / n                                     (3) 

Where t = time, n = grain growth exponent and k = constant of proportionality. 

Applying the above equation to simulation, and replacing time with MCS, we can find n as the slope of the 
curve of log (R (mean)) vs. log MCS,  

Grain growth exponent, n= log(R (mean)) / log MCS              (4) 

Figure 1 shows the engineered log R (mean) vs. log MCS curves for specific materials, where R (mean) is the 

average grain size at any point of grain growth as dictated by the number of MCS at that juncture. The slopes 

of these curves yield grain growth exponent of that curve, and in this case, that of the particular material. It 
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should be noted here that this is perhaps the first work to attempt achieve specific grain growth rates in 

simulated regimes.  

 

Figure 1 Material-specific grain growth rates 

Thus all simulations carried out to investigate various grain growth parameters can now be related to specific 

materials rather than a generic one. This, we are sure, will open up new roads towards grain growth studies 
of specific and industrially important materials.   

The second step towards achieving material-specific MC simulation of grain growth is to convert simulation 

time to real time and vice-versa. Saito [17], Saito and Enomoto [18], Haghighat and Taheri [19], and so on, 

have addressed the issue of establishing a relation for conversion of the simulation time to real time, in different 

ways. Saito and Enomoto [18], especially, have suggested an idea, based on the diffusion-controlled 
mechanism of grain growth, for converting Monte Carlo Steps to real time. According to this conversion, the 

real time value in seconds for one MCS was given by, 

1����� �  ��
���  ���� !�           (5) 

Where, 

D = grain boundary diffusion coefficient,  

d = simulation lattice constant  

Q = Q-States of grain orientations. 

On the third condition required for achieving material-specific MC simulation, i.e. towards adjustment of length 

scales, Rollett et al [20] have analyzed the relationship between grain size in the Monte Carlo model and 

physical grain sizes, although in the realm of recrystallization and not grain growth. Nosonovsky et al [21], and 

more recently Lim et al [22], too, have worked on the issue of scaling relationships between physical 

time/length and the MC step/cell size.  

Thus our contribution towards achieving grain growth exponents of known materials through MC simulation 

can be combined with others’ contribution to overcome challenges mentioned earlier and move towards 

material-specific MC simulation of grain growth in future.  
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3. CONCLUSIONS 

Monte Carlo simulation of grain growth was carried out in such a way that the resultant grain growth rate 

imitated growth kinetics of known metals. This was achieved by introducing KBMK factors, which is our 

contribution to available literature, as a modification tailored into the Metropolis algorithm. Through this work 

we are able to achieve grain growth comparable to known materials in simulated regimes as well. Combining 

this with work proposed by others in the domains of relating length, time and temperature between real and 

simulated microstructures, more meaningful material-specific research in microstructure evolution can be 

achieved in the coming years.  
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Abstract 

This paper deals with results of plant experiments aiming at achievement of low oxygen concentrations and 

high micro-cleanness during steel treatment for energetic industry on units of secondary metallurgy. Plants 

heats were aimed at analysis of influence of slag-making agents, wear of the lining, modification of inclusions, 

choice of mode of their out-stirring by the help of EMS and Ar blowing. Study of rules of formation, origin and 

conditions of elimination of non-metallic inclusions during steel treatment in ladle furnace ASEA-SKF was the 

aim of the experiments. Proper evaluation was made to determine oxygen concentration together with 

evaluation of micro cleanness according to DIN 50 602:1985 K4 and ISO 4967 Method A, namely on samples 

taken from the heel and under-head part of the forgings. Results present the oxygen concentration, number, 

ratio and analysis of chemical composition of non-metallic inclusions. Evaluation given in this paper presents 

the basic information on the achieved micro-cleanness at chosen refining technology. Results in this paper 

enable to point to the necessity of knowledge of the whole process of refining, which is crucial for achieving 

low oxygen concentrations and thus high micro-cleanness of steel.  

Keywords: Steel, slag, secondary metallurgy, non-metallic inclusions, micro cleanness 

1. INTRODUCTION 

Nowadays, steel quality requirements are constantly increasing in the steel industry to achieve maximum 

production efficiency at minimum cost. Precondition for meeting these requirements is mainly to ensure a high 

cleanness steel, which is due to the non-metallic inclusions content but also gases and accompanying and 

trace elements. In order to achieve the required properties of the steel produced, not only choosing quality 

batch material, type of melting process and steel deoxidization, but also high technology of secondary 

metallurgy. 

In terms of steel cleanness, there are two basic assessment points of view. The first one is chemical cleanness, 

which assesses not only the content of harmful elements, but also achieving the prescribed composition of 

steel. The second aspect is metallographic cleanness, which assesses the cleanness of steel in terms of non-

metallic inclusions content. It is important to recognise that “steel cleanness” assessed by means of the above 

given aspects depends mainly on the steel quality (grade) and the required utility (mechanical) properties 

defined by the customer depending on the final product use [1]. In order to present different requirements for 
chemical and metallographic cleanness, Table 1 gives examples that characterize different requirements 

placed on the final products with a different steel quality (grade) [2]. 

Metallographic cleanness assesses steel cleanness in terms of content of non-metallic inclusions that arise in 

the individual stages of steel production. The influence of non-metallic inclusions on steel cleanness and quality 

can be described using a variety of parameters, including their overall mount, morphology, shape, size, 
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arrangement, etc. It is necessary to recognise that high content of non-metallic inclusions is the cause of 

problems arising during steel processing, such as casting, forming, thermal processing, and that non-metallic 

inclusions affect the properties of final products. Non-metallic inclusions cannot be removed completely; 

however, their negative influence can be reduced by minimizing the extent of their occurrence and improving 

the conditions for their removal or modification [3-5]. 

Table 1 Example of different requirements for cleanness for different steel grades [2] 

Steel product 
Maximum imcleanness 

fraction (ppm) 

Maximum inclusion  

size (µm) 

IF steel 
[C]≤30, [N]≤40, T.O. ≤40 

[C]≤10, [N]≤50 
 ××× 

Automotive & deep-drawing Sheet [C]≤30, [N]≤30  100 

Drawn and Ironed cans [C]≤30, [N]≤30, T.O.  ≤20  20 

Alloy steel for Pressure vessels [P]≤70  ××× 

Alloy steel bars [H]≤2, [N]≤10-20, T.O.  ≤10  ××× 

HIC steel (Hydrogen Induced Cracking) [P]≤50, [S]≤10  ××× 

Line pipe [S]≤30, [N]≤35, T.O.  ≤30  100 

Sheet for continuous annealing [N]≤20  ××× 

Plate for welding [H]≤1,5  ××× 

Bearings T.O  ≤10  15 

Tire cord [H]≤2, [N]≤40, T.O.  ≤15  10 

Non-grain-orientated Magnetic Sheet [N]≤30  ××× 

Heavy plate steel [H]≤2, [N]30-40, T.O.  ≤20 
 Single inclusions 13 
 Cluster 200 

Wire [N]≤60, T.O.  ≤30  20 

* T.O. - total oxygen content 

Progressive technologies enabling to meet these requirements involve the processes of secondary metallurgy, 

which represent an indispensable part in the process of modern production of steel. Secondary metallurgy 

includes a variety of refining processes, such as controlled steel deoxidization and steel alloying, 

homogenization of liquid steel, desulphurization of steel, removal of unwanted gases (hydrogen or nitrogen), 

modification of inclusions, improvement of micro cleanness and temperature adjustment by steel overheating 

defined according to the needs of the facility for continuous casting of steel, etc. The effect of individual 

secondary metallurgy methods can be summarized as follows [5,6]: 

• Inert gas blowing:  

- simple blowing (removing of inclusions, thermal and chemical homogenization of steel), 

- blowing with active slag (reaction of slag and metal; steel desulphurization),  

• Injection of powder: 

- powder blowing using inert gas (steel desulphurization, modification of inclusions+ deoxidization of 
steel, steel alloying, steel decarburising), 

- injection of alloys in the form of filled steel profile (precise and economical steel alloying, modification 
of inclusions), 

- introduction of aluminium wire (controlled deep steel deoxidization),   

• Steel refining using synthetic slag (steel deoxidization, controlled desulphurization, absorption of non-
metallic inclusions),  
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• Vacuum degassing of steel: 

- ladle degassing, 

- stream degassing,  

- degassing in chamber (recirculation RH, lifting DH), 

- (reducing the content of [H] and [N], vacuum carbon deoxidization, steel alloying), 

- oxidation vacuuming of steel - VOD (production of corrosion-resistant steel - deep decarburization of 
chromium-alloyed steel), 

• Refining of steel using gaseous mixture O2 - Ar, or O2 - H2O in AOD, CLU converter (production of 
corrosion-resistant steel - deep decarburization at atmospheric pressure) 

• Heating steel in ladle:  

- using electric arc at atmospheric pressure - LF, 

- using electric arc with a possibility of steel vacuuming - ASEA-SKF, VAD, 

- chemical heating - Al or FeSi oxidation at atmospheric pressure - IR-UT, CAS-OB, 

- chemical heating - Al or FeSi vacuum oxidation - ISSM. 

Using the individual above mentioned methods of steel processing within the aforementioned secondary 
metallurgy, different metallurgical (refining) capabilities were achieved (see Table 2). A characteristic feature 

of modern secondary metallurgy is its diversity, when individual steel plants use secondary metallurgy in a 

complex form and choose a combination of devices, equipment and facilities which ensure that the required 

quality of steel corresponding to the increasing utility properties along with the possibilities of production 

optimization within the primary metallurgy (primary aggregates) is achieved. 

Table 2 Metallurgical capabilities of individual devices for secondary metallurgy [5, 6] 

Kind of secondary 
metallurgy 

Element’s content change 
Alloying ΔT (°C) 

Inclusion’s 
modifying ΔS (%) ΔH (ppm) ΔN (ppm) ΔO (%) 

Argon homogenizing -50/-60 +3/+4 0/+20 -50 Limited -10/-15 No 

Powder injection -50/-80 +2/+5 +20/+40 -50 Big burn -40/-60 Yes 

Filled profiles’ injection -50/-80 0/+2 +0/+20 +/- Excellent -10/-15 Yes 

Ladle furnace - LF -50 + + -50 Excellent +/- No 

Vacuum degassing station - VD -70/-90 -60 -50 -50 Limited - 50 No 

Vacuum degassing station - RH ××× -80 -30 -50 Excellent - 50 No 

The paper presents the results of operational experiments focused on achieving low concentrations of oxygen 

and high micro cleanness during processing steel for the needs of energy industry using the secondary 

metallurgy facilities and devices. The objective of the experiments was to study the principles of formation, 

origin and conditions for removing non-metallic inclusions during steel processing in the ASEA-SKF ladle 

furnace. The results will enable to point out the necessity of knowing the whole refining process, which is 

necessary for achieving low oxygen concentrations and thus also high micro cleanness of steel. 

2. CHARACTERISTICS OF OPERATIONAL EXPERIMENTS 

Operational experiments were focused on achieving low oxygen concentrations and high micro cleanness 

during steel processing using the facilities and devices of secondary metallurgy within the following production 

scheme: electric arc furnace EAF → controlled deoxidization during steel tapping in furnace → ASEA-SKF 

ladle furnace → pouring steel into moulds. The operational experiments were carried out during production of 
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two grades of steel for energy industry, more precisely rotor steel for turbines. Its chemical composition is 
shown in Table 3. 

The experiments were carried out by tapping the steel into the ladle after its processing in the electric arc 

furnace EAF. In order to achieve high micro cleanness and low oxygen concentrations in steel, deep 

deoxidization was carried out. In addition, during tapping a refining slag was added into ladle, whose properties 

should enable the subsequent desulphurization and capture of the maximum amount of non-metallic 

inclusions. After the start of tapping, first lime (CaO), then fluxing agent of corundum (Al2O3) type and 

subsequently aluminium (for steel deoxidization) were added. 

Table 3 Basic chemical composition of rotor steels for turbines 

Range 
Basic chemical composition of grade A steel (wt.%) 

C Mn Si P S Ni Cr Mo V Al H N O 

Min. 0.27 0.30 ××× ××× ××× 0.50 1.10 1.00 0.25 ××× ××× ××× ××× 

Max. 0.31 0.80 0.10 0.007 0.005 0.75 1.40 1.20 0.35 0.010 0.8 ppm 50 ppm 15 ppm 

Range 
Basic chemical composition of grade B steel (wt.%) 

C Mn Si P S Ni Cr Mo V Al H N O 

Min. ××× ××× ××× ××× ××× 3.40 1.40 0.30 ××× ××× ××× ××× ××× 

Max. 0.28 0.40 0.07 0.007 0.005 3.80 1.80 0.45 0.15 0.010 0.8 ppm 50 ppm 15 ppm 

After tapping, the ladle with the steel and the slag formed was transported to the ASEA-SKF ladle furnace 

where the main part of the steel refining process took place. The steel refining process was separated into 

several parts: alloying, vacuum homogenizing, deep vacuuming and removal of non-metallic inclusions. 

Depending on the chemical composition of the slag, during the steel processing on the ASEA-SKF ladle 

furnace, either lime (CaO) or fluxing agent of corundum (Al2O3) type was added in order to increase the refining 
ability. In addition, prior to deep vacuuming modification of non-metallic inclusions by pure calcium was 

performed. The purpose of optimizing the slag regime was to increase the efficiency of steel refining on the 

ASEA-SKF ladle furnace in order to achieve the minimum oxygen concentration and high micro cleanness of 

steel. The processing on the ladle furnace was followed by bottom-pouring of steel into mould while producing 

polygonal forgings of 45, 55, 70, 85 and 95 ton weight. 

In total, 9 melting processes of grade A steel and 8 melting processes of grade B steel were evaluated. During 

the operational experiments, samples of melt steel were taken for evaluation in order to determine the oxygen 

concentration. For sampling, the T.O.S. (Total Oxygen Sampling) device was used. Subsequently, combustion 

analysis was carried out. Moreover, slag samples were taken from the ladle after the following technological 

operations: after tapping from EAF, after vacuum homogenizing and after vacuuming with removal of non-

metallic inclusions. Slag samples were analysed with a focus on their chemical composition. Finally, steel 

samples from forgings were taken, namely from the heel and under-head parts. The samples were evaluated 

with a focus on achieved micro cleanness according to DIN 50 602:1985 K4 and ISO 4967 method A. 

3. RESULTS AND DISCUSSION  

Evaluating the effectiveness of the rotor steels for the purposes of energy industry during the steel processing 

using the secondary metallurgy devices was carried out in several phases. Firstly, the slag regime controlling 

on the ASEA-SKF ladle surface was evaluated with the aim to achieve the minimum oxygen concentration in 
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the grade A and B steel. Subsequently, micro cleanness according to DIN 50 602:1985 K4 and ISO 4967 

method A was evaluated, namely from the forging heel and under-head parts of grade A and B. 

3.1. Results of slag regime control on ASEA-SKF ladle furnace 

The results of slag regime control on the ASEA-SKF ladle furnace for grade A steel are given in Figure 1 and 

mean values of chemical composition are shown in Table 4. The achieved results of chemical composition for 

steel grade B are given in Figure 2, while the mean values of chemical composition are showed in Table 5. 

Figure 1 and Figure 2 describe chemical composition of slag entered in diagram CaO - SiO2 - Al2O3 for 10 

wt.% MgO. 

 
Figure 1 Slags type I, II and III in the diagram of CaO - SiO2 - Al2O3 for 10 wt. % MgO for steel grade A 

 
Figure 2 Slags of type I, II and III in the diagram of CaO - SiO2 - Al2O3 for 10 wt. % MgO for grade B steel 
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Note: o type I slag - slag after tapping from EAF;    slag of type I - mean value 

 o type II slag - slag after vacuum homogenizing;    slag of type II - mean value 

 o type III slag - slag after vacuuming and removal of non-metallic inclusions;    type III slag  - mean value 

Table 4 Mean values of chemical composition of grade A steel slags 

Grade A steel 

 

Mean values of slag’s chemical composition (wt.%) 
Basicity (1) 

CaO MgO Al2O3 SiO2 Cr2O3 Fe2O3 

Slag I  57.46 8.03 22.64 4.33 0.72 7.66 2.53 

Slag II  56.17 10.23 27.99 6.55 0.12 1.51 1.98 

Slag III  55.19 10.29 27.32 7.61 0.12 1.61 1.89 

Table 5 Mean values of chemical composition of grade B steel slags 

Grade B steel 

 

Mean values of slag’s chemical composition (wt.%) 
Basicity (1) 

CaO MgO Al2O3 SiO2 Cr2O3 Fe2O3 

Slag I  56.45 8.90 22.79 4.49 0.71 8.29 2.49 

Slag II  56.66 12.53 26.34 5.99 0.14 1.58 2.15 

Slag III  55.84 12.08 27.29 6.31 0.14 1.65 2.04 

Slag regime controlling was influenced by the steel refining process, whose stages are alloying, vacuum 

homogenizing, deep vacuuming and removal of non-metallic inclusions. Slags of type I were taken during 

inserting the ladle into the carriage of the ASEA-SKF ladle furnace. These slags show high content of easily 

reducible oxides generated during the steel tapping into the ladle from the electric arc furnace (EAF) as shown 
in Tables 4 and 5. Slags of type I were (based on their chemical composition) subjected to adding lime (CaO) 

and fluxing agend of corundum (Al2O3) type in order to improve the refining abilities. Slags of type II were taken 

after vacuum homogenizing. The results show that the chemical composition has changed, as shown in  
Tables 4 and 5. This change was positively reflected in lowering the content of easily reducible oxides and 

increasing the content of Al2O3 in the slag. In addition, there was a change in the chemical composition of slag 

of type I from the area Lime into slag of type II to area Periclase for both A and B grade steel, as shown in 
Figures 1 and 2. Before the final treatment of steel, deep vacuuming, the inclusions were modified by pure 

calcium, both A and B grade steel. The last type of slag, type III, is slag taken after removal of non-metallic 

inclusions by electromagnetic stirrer (EMS) and argon (Ar). The resulting chemical composition of slags given 
in Figures 1 and 2 show that the resulting slag of type III have lower dispersion in the achieved chemical 

composition than the types I and II. 

The success rate of steel refining was verified by achieved oxygen concentration measured in the sample of 

bath after refining on the ASEA-SKF ladle furnace and in the forging. The results are given in Figure 3a (grade 

A steel) and Figure 3b (grade B steel) 

The results presented in Figure 3a and Figure 3b show that the slag regime and individual technological 

stages of refining control within the secondary metallurgy enabled to achieve the oxygen concentration lower 

than 15 ppm (which is a value given by the Standard). The results of measuring oxygen concentrations also 

show a slight increase of oxygen concentration by max. 2 - 3 ppm. The reason of this slight increase in oxygen 

concentration in the heel and under-head parts of the forging compared to the concentration measured in the 

ladle is the passing of melt through argon curtain, mullite foundry ceramics and possible reactions during steel 

pouring or solidification in the mould.  
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a) steel grade A b) steel grade B 

Figure 3 Oxygen content in A and B steel forgings and melts 

3.2. Achieved micro cleanness of grade A and B steel forgings 

The effectiveness of steel refining for the needs of the energy industry after casting, solidification and forging 

was evaluated on the rotor forgings. A micro cleanness test according to DIN 50 602:1985 K4 and ISO 4967 

method A was performed on the material taken from the test area prescribed by the customer (heel and under-

head parts).  

Steel micro cleanness was evaluated in line with the standard DIN 50 602 K4, where all inclusions larger than 

38 µm are recorded. In order to obtain more information on the inclusions size, next verification was performed 

according to the ISO 4967 method A, where all types of inclusions are recorded. 

Metallographic samples preparation for micro cleanness testing according to the DIN 50 602:1985 K4 was 

carried out in the longitudinal direction, without etching [7]. Examining and documentation was performed at 

100 time magnification. Micro cleanness evaluation was always performed on 12 samples with a total area of 

1920 mm2. The results of micro cleanness test according to the DIN 50 602:1985 K4 for the heel part of the 

forging are given in Table 6. The results for under-head part of the forging are given in Table 7. 

Table 6 Mean results of the micro cleanness according to DIN 50 602: 1985 K4 for the heel area of forgings 

Sample → ∅ results - heel K4/mm2 0 Sulphides 0 Oxides 0 

Table 7 Mean results of the micro cleanness according to DIN 50 602: 1985 K4 for the head area of forgings 

Sample → ∅ results - head K4/mm2 0 Sulphides 0 Oxides 0 

From the results of micro cleanness testing presented in Tables 6 and 7 is obvious that the forgings did not 

contain any inclusions larger than 38 µm. The achieved steel micro cleanness results were shown to the 

customer, therefore it was not possible to evaluate micro cleanness according to the K0 criterion. 

For further micro cleanness evaluation, metallographic samples preparation was carried out in order to test micro 

cleanness according to the ISO 4967 method A [8]. It was performed in the longitudinal direction, without etching. 

Examination and documentation took place at 100 time magnification. Micro cleanness evaluation was carried 

out on the area of 322 mm2 (300 fields). The results correspond to the worst field for each inclusion type and for 

each size series. The results of micro cleanness testing according to the ISO 4967 method A for the heel part of 

the forging are given in Table 8. Results for under-head part are shown in Table 9. 
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Table 8 Mean results of micro cleanness according to ISO 4967 method A for the heel area of forgings 

Sample 

∅ results - heel 

Type A 

Sulphides 

Type B 

 Aluminates 

Type C 

Silicates 

Type D 

Globular oxides 

Type DS 

Globular 
oxides 

Thin Thick Thin Thick Thin Thick Thin Thick ××× 

Worst field 0 0 0 0 0 0 1 0.5 0.5 

Table 9 Mean results of micro cleanness according to ISO 4967 method A for the head area of forgings 

Sample 

∅ results - head 

Type A 

Sulphides 

Type B 

 Aluminates 

Type C 

Silicates 

Type D 

Globular oxides 

Type DS 

Globular oxides 

Thin Thick Thin Thick Thin Thin Thick Thin Thick 

Worst field 0 0 0 0 0 0 1 0.5 0.5 

The micro cleanness results given in Table 8 and Table 9 clearly show that the forgings did not contain any 

inclusions of type A, B, C, and inclusions of type D and DS were not larger than 13 µm. 

4. CONCLUSION  

In operating conditions, experiments were carried out in order to gain information on the formation, origin and 

conditions of removing non-metallic inclusions during steel processing within the secondary metallurgy. The 

following findings can be defined from the achieved results of the operating experiments: 

• The results of the slag regime control on the ASEA-SKF ladle furnace showed that the addition of lime 

(CaO) and fluxing agent of corundum (Al2O3) type enabled to increase the refining ability of the ladle 

slag. This trend was reflected in the conversion of the slag type I chemical composition from the Lime 

area into slag type II to the Periclase area. 

• From the resulting chemical composition of the slags type I, II and III it is clear that the final slags of type 

III have lower dispersion in the achieved chemical composition than the slags type I and II. This could 

be explained by the character of the individual slags: type I is primary ladle slag after tapping the steel 

into the ladle from the EAF. Type II is a ladle slag with an increased refining ability as a result of vacuum 

homogenizing. Type III is a final slag type after deep vacuuming and removal of non-metallic inclusions. 

• The success of steel refining and the proposed slag regime was verified by means of achieved oxygen 

concentrations. The achieved oxygen concentrations during melt evacuation from the ASEA-SKF ladle 

furnace were below 10 ppm, which met the internal requirement of the steelworks. The subsequent 

forging casting slightly increases the oxygen concentration in the range of max. 2 - 3 ppm. However, the 

resulting oxygen concentrations in the final product are below the maximum value of 15 ppm as specified 

by the standard. 

• The results of forging micro cleanness from the forgings weighing 45 - 95 tons show very good values 

not only according to the DIN 50 602:1985 method K4, but also according to the ISO 4967 method A, 

where the detailed analysis showed that the maximum inclusions size does not exceed 13 µm. 

• The achieved micro cleanness of the forging determined according to the DIN 50 602:1985 K4 and ISO 

4967 method A meet the customers´ requirements. It can be stated that the chosen refining technology 

and slag regime enable the production with a high repeatability while achieving the required micro 

cleanness. 
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Abstract 

The course of the blast furnace process can be significantly affected by many harmful substances. Some 

elements may affect the technological parameters of the blast furnace process, others may fundamentally 

disrupt steelmaking processes following the production of crude iron. Alkaline carbonates also have a negative 

impact on the quality of blast furnace coke. Zinc and lead contribute to the degradation of the blast furnace 

lining and thus reduce its service life. For all harmful substances, it is necessary to continuously monitor and 

reduce their content in feedstocks as well as in crude iron. The elements that reduce the value of the produced 

metal include phosphorus. This element mainly affects the mechanical properties of the steel produced. The 

presence of phosphorus at higher concentrations is therefore harmful, except for selected machine steels. For 

these steels, phosphorus may be added as an alloying element. However, in most steel produced, its content 

is reduced in secondary metallurgy processes. Within the framework of the research, the content of 

phosphorus in the input raw materials and the output products of the blast furnace process was monitored. On 

the basis of the measurements made, the continuous cycle of this element in the blast furnace process and its 

influence on the technical indicators of production was analysed. The article aims to evaluate the conclusions 

of the research conducted to identify phosphorus reduction potential during the blast furnace process. 

Keywords: Iron, costs, reductions, defects 

1. INTRODUCTION 

Blast furnace production of pig iron is based on the use of physical, chemical, heat and mechanical processes 

[1]. Primary feedstocks include the ore part, fuel and slag-forming ingredients. The ore part consists of iron 

ores and concentrates. The often-used ore raw materials include manganese ores [2]. Among the feedstocks 

containing the metal-bearing part, there are also various types of wastes containing iron. The ore is then used 

in the blast furnace process as the heat-treated agglomerate or pellets. The agglomerate is used as a dominant 

metal feedstock in the Czech Republic (70-90%). The agglomerate is produced from ore raw materials which 

may be anhydrous oxides, hydrated oxides, carbonates or silicates [3]. Waste materials used as a source of 

metals include steel waste, scrap, sludge, slag. 

In addition, negative and harmful elements get into the blast furnace as a part of the feedstocks. Their effects 

can be seen in several levels: negative impact on the production technology, reduction of quality parameters 

of the metals produced, adverse effects on the environment, but also a negative impact on the human organism 

[3, 4]. Therefore, the harmfulness of these elements must be evaluated in a comprehensive way, not only 

through the selected parameter. 

The elements that can be classified as negative include, for example, heavy metals, alkaline carbonates, 

sulphur compounds, phosphorus, and others. Alkaline carbonates enter the blast furnace in all blast furnace 

burden components (large quantities as a part of manganese ores but also through metallurgical waste). Coke 

as a primary fuel also often contains more alkalis [5]. When coking under operating conditions, the amount of 

alkalis does not change. Virtually all alkalis remain in coke, which brings up to 35% of the total amount to the 

blast furnace. From heavy metals, blast furnace operations can be mainly influenced by elements such as zinc 
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and lead. Both elements are continuously circulating in the blast furnace process. They affect the production 

process itself but also negatively affect the life of the blast furnace lining (zinc) [6]. Moreover, phosphorus has 

a negative impact primarily on the raw metal produced, which fundamentally influences some properties of the 

steels produced [7, 8]. In the framework of the conducted research, the content of zinc and phosphorus was 

monitored in the process of the pig iron production. The aim is to minimize the influence of the negative 

elements on the production technology, but also the negative consequences on the quality of the produced 

metal. At the same time, it also optimizes the total cost per tonne of pig iron produced.    

2. PROBLEM FORMULATION 

Phosphorus as an element primarily influences the mechanical properties of the steels produced in iron 

production. It usually enters the blast furnace process in the form of compounds such as Fe3P2O8.8H2O or 

Ca3P2O8.CaF2. Phosphorus is reduced in the blast furnace at a temperature range of 900-1200°C, mainly by 

means of carbon coke or hydrogen [3, 9]. In the case of carbon reduction, we can write everything using the 

following Equations 1 and 2 

2 (Fe3P2O8) + 16 C = 3Fe2P + P + 16 CO                                                                                                       (1) 

Ca3P2O8 + 5C = 3(CaO) + 2P + 5CO                                                                                                              (2) 

Elemental phosphorus is reduced at high temperatures. With hydrogen reduction, transient or final products 

are formed in addition to phosphorus, its lower oxides, acids and water vapour [3, 9]. The reduction of 

phosphorus by hydrogen can be simply written in the form of Equations 3 and 4.   

2 P2O5 + 10 H2 = P4 + 10 H2O                                                                                                                         (3) 

P4 + 6 H2 = 4 PH3                                                                                                                                            (4) 

Reduction of phosphorus from the P2O5 compound by carbon can be written in the form of Equation 5. Carbon 

monoxide reduction can only take place in areas with low carbon dioxide concentrations.   

P2O5 + 5 C = ½ P4 + 5 CO                                                                                                                               (5) 

Zinc enters the blast furnace in the form of a series of compounds that are contained in iron ores. The typical 

compounds include ZnS, FeS, ZnO, ZnCO3. Zinc reduction generally occurs in the lower parts of the blast 

furnace [3, 10]. Permanent oxides include ZnO. Zinc can react with both CaO, C, Fe. The reactions can be 

written in the form of Equations 6, 7, 8. 

ZnS + CaO + C = Zn +CaS + CO                                                                                                                    (6) 

ZnS + Fe = Zn + FeS                                                                                                                                       (7) 

ZnO + C = Zn + CO                                                                                                                                          (8) 

The negative impact of zinc can be seen mainly in its effect on blast furnace lining, deterioration of parameters 

in the production of the agglomerate, but also its impact on the human organism [11, 12]. Zinc vapours, which 

rise to the higher parts of the blast furnace, settle in the pores of the lining. When passing from the gaseous 

to solid state, zinc increases its volume by several percent. This effect contributes to the degradation of blast 

furnace lining. Zinc also affects some parameters in the production of the agglomerate. In the case of higher 

concentrations of zinc, there is a reduction in the specific power, but also a decrease in the sintering speed. 

Zinc can also, along with other elements, influence the consumption of coke in the agglomeration process. 

Finally, it is necessary to mention the negative impact of zinc on the human organism. Vapours of zinc or very 

fine dust, containing high concentrations of zinc cause nausea and irritation cough.           
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3. EXPERIMENTAL WORK 

In the framework of the conducted research, the content of zinc and phosphorus was monitored within the 
individual blast furnace components. Measurements were carried out within one year in the monitored 
metallurgical plant. Within the input raw materials, the content of the elements was monitored in the individual 
components. Table 1 shows the zinc content in the selected feedstocks. For each feedstock, its concentration 
was monitored. Subsequently, the quantity found was converted to one tonne of the pig iron produced. 
According to this value, the total amount of zinc in all feedstocks was determined. As shown in Table 1, where 
some of the selected components are listed, the largest proportion entering the blast furnace process is 
brought by both agglomeration mixtures. Both used agglomerates contain a total of 68.253% of zinc entering 
the agglomeration process. This is the dominant source of this element in the blast furnace process.     

Table 1 The amount of zinc in the selected feedstocks of the blast furnace process 

 Weight 
(t) 

Converted 
amount 
(kg·kg-1) 

Zinc 

 (%) (kg·kg-1) (%) 

Agglomerate (01-06) 860 059 0.9384 0.008 7.50·10-5 31.566 

Agglomerate (07-011) 617 638 0.6371 0.007 4.71·10-5 36.687 

Granulate - slag 19 147 0.0207 0.016 4.48·10-6 1.701 

Pellets  201 009 0.2190 0.005 1.09·10-5 5.395 

Ore (lump) 63 917 0.0697 0.006 2.09·10-6 2.560 

Limestone 52 147 0.0561 0.004 2.27·10-6 0.819 

Coke in total 493 110 0.5380 0.003 5.38·10-6 4.078 

Besides monitoring the content of negative elements in feedstocks directly entering the blast furnace, the 
concentrations of the selected pollutants in the materials prior to their processing in the agglomeration process 
were monitored. This also concerned raw materials that are used directly in the blast furnace process before 
being treated. The values for phosphorus and zinc were subsequently recalculated in terms of the total volume 
of specific raw materials. Table 2 shows the average values over a one-year period.     

Values in the Table 1 represent data on the amount of selected input raw materials. There are listed the total 
quantity per year and the quantity converted per kilogram of the produced metal for each raw material. In the 
case of zinc, it is indicated its concentration, the total amount per kilogram of metal and the relative proportion 
in each raw material. 

Table 2 The percentage of monitored elements in the feedstocks 

 Phosphorus (%) Zinc (%) 

Ore Russia I. 5.92 6.69 

Ore Russia II. 11.61 5.51 

Ore Ukraine I 18.93 12.01 

Ore Ukraine II 12.63 9.63 

Ore concentrate - Russia 10.35 32.65 

Limestone 0.93 0.001 

Blast furnace discharge 3.97 12.2 

Slag 42.12 21.6 

Fine slag 31.69 11.1 

Coke 4.19 1.9 
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In the case of phosphorus, ore raw materials represent one of the major sources (Russia, Ukraine). The 

primary sources of zinc are heads (Russia) and one type of iron ore from Ukraine. For both elements, slag is 

also a significant source. 

Table 3 The percentage of monitored elements in the output raw materials 

 Phosphorus (%) Zinc (%) 

Pig iron 98.9 31.8 

Slag 0.009 11.2 

Discharge 0.114 5.7 

BF sludge fine 0.209 21.6 

BF sludge rough 0.768 29.7 

In the case of the raw materials (Table 3), most phosphorus is contained in the raw iron. Only a small part is 

contained in the slag and blast furnace sludge. About a third of the total amount of zinc is contained in pig iron. 

The remaining two-thirds are part of blast furnace sludge.     

4. RESULTS AND DISCUSSION 

Phosphorus converts mostly into pig iron. If we want to reduce its amount in the metal produced, we need to 

reduce its quantity at the entry into the blast furnace process. Significant amounts of phosphorus are contained 

in ore minerals (subsequently agglomerate), slag, but also coke. Reducing the quantity in the blast furnace 

can be supported by the appropriate composition of the agglomeration mixture. The key is the use of high-

quality ores, which contain lower concentrations of pollutants, but at the same time have an adequate metal 

content. In the case of coke, it is also appropriate to choose a quality raw material that contains a minimum 

amount of ash. Slag as another significant source of phosphorus is used because of the content of the metal 

part. In this case, we can talk about the repeated entry of phosphorus into the blast furnace process through 

slag (blast furnace, steel). In general, phosphorus reduction in the blast furnace is exceptionally high. The 

basicity of the slag does not affect its course. An important aspect will be the use of quality raw materials and 

the reduction of phosphorus content entering the blast furnace process. Zinc can be partially removed through 

waste products. Approximately one-third of its content goes to raw iron. The negative impact of its effect in the 

blast furnace can be seen in its influence on blast furnace lining. In particular, the higher parts of the blast 

furnace exhibit higher concentrations of this element in the lining. This is due to its circulation in the blast 

furnace space. In the lower parts of the blast furnace, some zinc passes into the gaseous form and goes along 

with other products of combustion to cooler parts. Zinc is deposited on the blast furnace burden, as well as on 

the lining pores. Zinc, which remains part of the burden, goes down again to the lower parts of the blast furnace, 

where it is partially reduced. Zinc, which remains in the pores of the lining, increases its volume due to the 

change of state and contributes to the violation of the integrity of the lining of the blast furnace. 

5. CONCLUSIONS 

The technology of iron production in a blast furnace can be negatively affected by harmful elements. Their 

influence may also have a secondary impact on the cost of the whole process and hence the price of the metal 

produced. Removal of harmful elements is possible primarily in the preparation of feedstocks, but also during 

the iron production in the blast furnace. Many pollutants can be removed in the form of slag, whether in the 

production of iron or steel. It is through the slag that the harmful elements may enter the blast furnace process 

repeatedly. The amount of slag and other waste produced is considerable due to the nature of the blast furnace 

process. Therefore, although slag contains only a small amount of metal, its reuse in the iron production 

process is interesting in view of its volume. This results in the re-entry of harmful substances into the blast 
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furnace process. In the case of the monitored elements, it has also been shown that natural raw materials are 

a significant source. It is therefore essential to monitor the quality of the used ore raw materials and to make 

the best use of high-quality ores. This is especially important in eliminating the elements that cannot effectively 

be eliminated in the blast furnace process from the iron production process. The use of high-quality ore raw 

materials is associated with a higher purchase price and therefore affects the cost of the metal production. Iron 

producers must, therefore, quantify both technological and cost criteria. 
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Abstract  

Increasing demands on the surface quality of steel slabs together with demands on reduction of water 

consumption lead to the idea of replacing the secondary cooling zone with water or water-air nozzles by the 

so-called dry cooling through the supporting rollers. The paper presents the computational study into the dry 

cooling with the use of the solidification model for continuous steel casting. The simulation is performed for the 

typical austenitic steel grade S30400. At the moment, the importance of stainless steels grades is increasing 

again, especially in the automotive industry in design of new types of car bodies as well as in the energetic 

industry, particularly in case of ultra-critical Rankine cycle. In the paper, a comparison is made for the two 

cases: a caster with the ordinary secondary cooling zone accommodating water-air nozzles in 13 loops of the 

secondary cooling zone, and a caster with the dry cooling. In both cases, the radial slab caster casting 

austenitic steel slabs with the dimensions 1500 mm × 150 mm is considered. 

Keywords: Continuous casting, austenitic steel, dry cooling, rollers, secondary cooling  

1. INTRODUCTION 

The early beginning of continuous casting (CC) of steel is dated to the end of the Second World War and this 

new method of casting was experiencing the biggest expansion in the sixties and seventies of the twentieth 

century. Since those days the CC process has been getting great attention as it provides much faster 

production and higher quality of the concasts than the former ingot casting. The second boom in the CC started 

with the advanced computer simulations, which provide an opportunity to monitor the casting process and to 

predict proper boundary and initially conditions to different grades of steel and to assure the most possible 

steel quality. The focus on high quality products requires production innovations and applications of new 

approaches supported by technological development.  

This paper deals with one of such an innovation in order to obtain a high quality final product without surface 

cracks. The most frequent surface defects are transversal cracks caused by deep oscillation marks. They 

result from tensions caused by withdrawal, bulging, bending and straightening of the strand. There is also 

thermal stress, which results from uneven cooling of the strand shell in the secondary cooling zone [1]. In 

secondary cooling zone, the heat withdrawal from the slabs is usually made by the spray nozzles. These 

nozzles use water cooling, which is the main cause of surface cracks. The presented approach pays attention 

to surface cracks forming due to the water impact oxidation on the surface of the strands. To prevent these 

surface defects, the secondary cooling is replaced by the so called dry cooling technology. It means that the 

main heat withdrawal in the secondary cooling zone is made by the supporting internally cooled rollers with 

the intent to reach comparable results as in the typical nozzle cooling and to provide better quality results of 

the strand. In some cases, a very low spray cooling flow rate is applied, in order to protect the surrounding 

machine parts from the strand surface radiation (so called fog cooling) [2]. 

2. CONSIDERED MATERIAL: AUSTENITIC STAINLESS STEEL 

In this work, the aim is focused on the radial slab caster, which is casting the austenitic stainless-steel. 

Austenitic steels represent over 70% of total stainless steel production. They have typically a higher content 
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of alloying elements, especially chromium, nickel, and manganese, which together with the alloy of iron, forms 

an austenitic structure. Their peculiarity is that they are not ferromagnetic. Austenitic steels are well weldable, 

characterized by high toughness but lower strength characteristics. They are poorly machinable and have low 

a thermal conductivity. Austenitic steels are one of the most widely used corrosion-resistant materials with very 

good technological properties. Their composition is made up of 18% Cr and 8-12% Ni, which increase the 

corrosion resistance in severe oxidative-corrosive environments. The most versatile and most widely used 

stainless steel is the austenitic steel grade S30400 also known as "18/8" for its composition of 18% chromium 

and 8% nickel. Grade S30400 is readily brake or roll formed into a variety of components for various 
applications. The composition of the considered steel is presented in Table 1. 

Table 1 Composition of steel grade S30400 

Steel C N Cr Ni Mo Mn Si S P Cu 

Wt % 0.05 0.05 18.3 8.1 0.3 1.8 0.45 0.001 0.03 0.3 

3. NUMERICAL MODELS: MATHEMATICAL FORMULATION 

The mathematical formulation of heat transfer and solidification to the temperature distribution and solid shell 

profile prediction is based on the governing equation of transient heat conduction, called Fourier-Kirchhoff 
equation [3]. In 3D the heat transfer equation reads 
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∂
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 ,         (1) 

where effk is the effective thermal conductivity (W m-1 K-1), T is the temperature (K), H is the volume enthalpy 

(J m-3), t  is the time (s), v  is the casting speed (m s-1) and z  is the direction of casting (m). 

To express the relation between the enthalpy and the temperature, we manage to estimate the enthalpy and 

other termophysical parameters (density, specific heat, thermal conductivity, contraction, etc.) with the use of 

the solidification analyses package, called IDS [4] (interdendritic solidification software), which is more 

comfortable and practical to use than expensive and time-consuming experimental investigations.  

 

Figure 1 Termophysical parameters of steel grade S30400 
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The computed parameters of this specific chemical steel composition are displayed in Figure 1 and they show 

the temperature-dependences of the total enthalpy, the thermal conductivity, the density, and the specific heat 

for the austenitic steel grade S30400. The shrinkage of the strand is also embedded in the numerical model 

and the mesh for the finite difference scheme is non-equidistant. 

As for boundary conditions, the determination has to be made properly due to their great influence on 

computational results. The mathematical formulation of boundary conditions in the CC process has to 

accompany the heat flux in the mold and under the rollers, forced convection under the nozzles, free convection 

and radiation. For the typical secondary cooling zone, the boundary conditions are as follows. The heat flux in 

the roller contact area reads [5]  
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where d is the roller diameter (m); rolS is the roller surface (m2), and rolT is the roller surface temperature (K). 

In equation (2) we assume that the heat flux from the strand surface to the rollers is equal to the heat flux from 

the rollers to the surrounding environment. Heat transfer from the strand is due to forced and natural convection 

as well as due to radiation in the form 
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where waterT is the cooling water temperature, ambT is the ambient temperature, HTC  is the heat transfer 

coefficient (W m-2 K-1), σ is the Stefan-Boltzman constant (W m-2 K-4) and ε  is the emissivity of slab surface 

[-]. The appropriate values of HTC for the different types of nozzles were established in Heat transfer and fluid 

flow laboratory in FME VUT [6]. 

For the dry cooling the boundary conditions are slightly different. For the part of the process where the heat 

withdrawal is made by the nozzles (in our work, it means the first 5 meters of the secondary cooling zone), the 

equation (3) is applied, but in case of heat flux in the roller contact area, we now assume, that the rollers have 

internal water cooling channels and we can formulate the heat withdrawal under the rollers in terms of energy 

balance as 
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where waterVɺ is the water flow rate through the rollers (L s-1). For the areas where is no roller contact and no 

water sprayed zone, the heat withdrawal is done mainly in terms of free convection and radiation. The heat 

transfer coefficient for this part of cooling is then set into the equation (3) and it reads [5]  

.)(84.0 3/1

ambsurfnat TTHTC −=          (5) 

In order to achieve the corresponding results between the water nozzle cooling and the dry cooling, it is 

necessary to find the optimal heat transfer coefficient (HTC) through the rollers. In case of typical secondary 

cooling zone, the cooling zone is divided into the segments where nozzles with different cooling properties are 

used (cooling intensity, impact angle). This means that for the dry cooling, the same HTC should not be used 

for the same diameter of the roller in order to fulfil the comparable expectations. Another problem occurs at 

the edges of cooled slabs. While cooling is made by the nozzles, the range of the sprayed does not cover the 

entire width of the strand and the HTC near edges is lower. Because of that the edges in the dry cooling are 
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experiencing lower temperatures in the transversal cut (top-right, top-left, bottom-right, bottom-left) and are 

cooled much more due to the even cooling of the whole transverse length. 

4. COOLING ROLLERS 

In this work the problem is solved with several simplifying assumptions. Due to work of authors [2], the view at 

the problem about the radiation and roller contact area is not as simple as it could be seen at first glance. Their 

work is concentrating on the heat flux from the strand to the rollers due to the conduction in the place where 

the rollers are in contact with the strand and due to the radiation which accounts for a significant heat transfer 

between the strand and the rollers. The contact area and the contact angle vary with the temperature of the 

steel, and can be assumed from 4° to 12° degrees in case that the hot shell is very ductile, while the cold steel 

is experiencing contact less than 4° degrees. This means that if we count with the casting speed, the resulting 

contact time can vary from 0.05 to 2 seconds depending on roll diameter, casting speed and assumed contact 

angle. The appropriate construction of the inner cooling channels in the rollers is another issue, for adequate 

cooling intensities from the roller to the strand due to the roller temperature. It is recommended to assure not 

too high temperatures at the rollers surface for a long life of the rollers as well as for the temperature of the 

cooling water inside the channels to prevent the water to start boiling. In the case of radiation, different 

relationships have to be used than in the typical secondary nozzle cooling. The radiation has a huge impact to 

temperature rise of rollers. The view angle between the strand and the roller is estimated to be 0°- 120° from 

one side and the same angle is for the opposite side of it. This means that the 1/3 of total rolling surface is 

experiencing no heat flux from the strand at the moment and is released to the surroundings. Since only the 

total heat flux can be measured at the real plant, it is difficult to deduce the respective values of the contact 

angle and the contact resistance. Especially the influences of the roll diameter, the shell thickness, the contact 

pressure and the material deformation properties on the contact heat flux are unknown [2].  

 

Figure 2 The supporting and cooling rollers [2] 

This knowledge is valuable for the further future investigations in order to fulfill the simulation of the real CC 

process cooled through the method of dry cooling. In our work, the radiation part is simplified as well as the 

contact angle with the strand and we rather assume to have an average heat fluxes of the area. The problem 
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with the supporting and cooling rollers is depicted in Figure 2 with appropriate numbers of the equations used 

in different cases of cooling. The left hand side roller displays the case of supporting roller, where the equation 

(2) is used. For the internally cooled rollers the temperature resistance is composed from the convective heat 

transfer in the water channel, conduction through the roller and the strand, as well as the radiation to the 

surroundings and to the rollers, and for the first five meters the nozzle spray cooling. 

5. RESULTS AND DISCUSSION 

We created two models, one with a typical secondary cooling and another for the dry cooling with the water 

nozzle cooling only in the section under the mold (the length of such section is 5 m), together with internally 

cooled rollers. These rollers are located on the caster within 23 m. The comparison was made for steel caster 

having the length of 26 m with the dimensions of slab 1500 mm × 150 mm and with the casting speed 1.9 

m/min, with 41 computational nodes in x  direction and 41 computational nodes in y  direction (transverse to 

the casting direction) and 721 computational nodes in z  direction (the casting direction). The results can be 
seen in Figure 3. In case of nozzle secondary cooling (the upper one) the peaks caused by fluctuation of the 

temperature are not as significant as in the dry cooling. It is mainly due to softer simultaneous cooling by 

nozzles, as well as by the supporting rollers for which the HTC is not as high and the strand is experiencing 

cooling more often. Those cooling peaks in dry cooling are the consequence of only roller cooling, which needs 

much higher HTC to balance the heat withdrawal and the cooling taking place on the smaller surface area. 

 

Figure 3 The cooling curves: a) Nozzle cooling, b) Dry cooling 

In our model, three different types of cooling rollers are applied (with diameters of 180, 230 and 300 mm) and 

the appropriate water flow rate through the channels is set from 50 to 400 L/min. This water flow rate is 

dependent on the channel diameter which also leads to a different assumption about the roller surface 

temperature. The smaller the distance between the roller channel and the roller surface, the lower the roller 

surface temperature, which is desired for a long lifetime of the rollers. On the other hand, a higher cooling rate 

is higher, it leads to lower strand surface temperatures, which is not always desired.  
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In curved zones of the caster, the cooling water from the sprays can accumulate on the upper surface of the 

strand, while the droplets tend to bounce off the lower surface. This leads to a difference in the effective heat 
transfer coefficient between the upper and lower strand surfaces (see the blue and pink curves in Figure 3). 

The final temperature comparison between two models at the end of the caster, reports deviations about            
5-10 °C. If we look at Figure 4, we can roughly say that the cooling profiles in both longitudinal and transversal 

cuts behave identically. There are only some little deviations in the metallurgical length and in the longitudinal 

cut where the solidifying profile behaves more smoothly in case of dry cooling, which is desirable in the CC for 

the internal quality of strands. This smoother profile is a consequence of even cooling across the width of the 

slab. 

 

Figure 4 The longitudinal and transversal cuts: a) Nozzle cooling, b) Dry cooling 

6. CONCLUSION 

This paper deals with the use of dry cooling in the continuous steel casting. The aim of the work was the 

comparison of this new dry cooling approach with the typical secondary nozzle cooling. The presented results 

show a quite good congruence between these two approaches. This pilot simulation opens the door to new 

possibilities in obtaining the free defect strands with no cracks caused by the oxidation of the surface due to 

the water spray cooling. The other advantage is that the costs for the treatment of the industrial water are 

reduced because the cooling water flowing through the rollers is used in a closed loop. This can be appreciated 

particularly in locations with a lack of water. We can conclude that better results can be obtained by a different 

construction of the cooling channels through the rollers in order to achieve varying HTC as it is in the water 

spray cooling. But this hypothesis will need much more investigations. Further research will be focused on 

making the algorithm more precise, especially in the regions where the strand is most sensitive to cracking. 

Another aim will be to establish the appropriate types of rollers (materials, cooling intensities) for each part of 

the secondary cooling zone. The focus will also be put to more sophisticated approaches to radiation.  
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Abstract  

In the paper the author presented forecasts of steel production size for Poland. The forecasting methodology 

proposed by the author was two-pronged. Step I consisted in building separate forecasts of total steel 

production and steel production in the converter process (BOF) and steel production in the electrical process 

(EAF). Step II uses the principle of differences according to which the total steel production minus steel 

production produced in oxygen converters is the production of steel produced in electric arc furnaces and vice 

versa the total steel production minus steel production generated in arc furnaces is the steel production in 

converters (both productions constitute combined production in the steel sector). Step II consisted of the 

variant A, which built the forecast for steel production in converters (BOF) and estimated forecasts for the 

production of steel produced in electric arc furnaces (EAF) and variant B involving the construction of forecasts 

for the production of steel produced technology EAF and assessing the prospects for production of steel 

produced by BOF technology. The forecasting methodology adopted by the author is innovative, and its 

application enables multi-variant forecasting, while meeting the assumption that the total production is carried 

out using two key production technologies, the partial outputs of which account for 100 %. Forecasts were built 

using econometric models on the basis of empirical data for time period: 2000-2015. The author made 

forecasts of steel production by 2020. 

Keywords: Forecasts, steel production, BOF - Basic Oxygen Furnace, EAF − Electric Arc Furnace 

1. INTRODUCTION  

Forecasting is a valuable tool in the operations of enterprises. In the conditions of dynamic changes in 

the business environment, information on future phenomena is particularly important. The forecast is 

a harbinger, the anticipated effect of something, advanced on the basis of specialist research in a given field 

[1]. Building forecasts is an integral part of the management process. Forecasts reduce uncertainty in the 

functioning of enterprises and contribute to the increase in the accuracy of decisions taken, as well as to 

eliminate losses in their activities [2]. Forecasts are usually built using expert opinions or models (econometric 

methods). The forecasts concern economic and social phenomena. In enterprises, production and sales 

volumes are forecasted. These are operational (short-term) and strategic (medium and long-term) forecasts. 

In the forecasting process, statistical (empirical) data used to build forecasts are important (assumed to be up-

to-date, reliable, complete, comparable) [3-6]. The content of this work is the methodology for forecasting the 

volume of steel production for Poland. The forecasts for steel production in total and broken down into applied 

steel production technologies (BOF converter process and EAF electrical process) were made. The work was 

based on the statistics of the World Steel Association [7] and Polish Steel Association in Katowice [8]. 

Statistical data related to the volume of steel production in Poland in the years 2000-2015. The production 

volume was given in millions of tons of crude steel produced in a given year. In Poland, two production 

technologies are used: BOF and EAF. Steel melting in the Marten furnaces was completed in 2002 [9]. The 

size of produced steel in this technology in the first two years of research (2000-2001) was so small (its share 

in annual production was adequate in 2000 - 3.8 %; in 2001 - 2.3 %, in 2002 - 1.2 %), that it was not included 

in the research. The forecasting methodology applied by the author was based on the total volume of steel 

production coming from two processes: BOF and EAF [9-11]. The original methodology of forecasting is 

innovative due to the variant used to predict changes in the volume of steel production. 
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2. THE CONSTRUCTION OF THE FORECASTING MODEL  

The construction of the model proposed by the author was two-pronged. STEP I (stage 1) consisted in building 

separate forecasts of total steel production and steel production in the converter process (BOF) and steel 
production in the electrical process (EAF). STEP II (stage 2) uses the principle of differences according to 

which the total steel production minus steel production produced in oxygen converters is the production of 

steel produced in electric arc furnaces and vice versa the total steel production minus steel production 

generated in arc furnaces is the steel production in converters (both productions constitute combined 
production in the steel sector). STEP II consisted of the A Variant, which built the forecast for steel production 

in converters (BOF) and estimated forecasts for the production of steel produced in electric arc furnaces (EAF) 
and Variant B involving the construction of forecasts for the production of steel produced technology EAF and 

assessing the prospects for production of steel produced by BOF technology. The methodology according to 

stage 1 was the basic methodology, and according to step 2 it was the supplementary methodology 

(supplementary). The application of stage 2 allowed the author to compare the obtained forecasts and 

establish acceptable forecasts, worth recommending for using them by metallurgical enterprises when making 
decisions. The segments of the forecasting model are presented in Figure 1.  

 

Figure 1 The segments of the forecasting model for steel production in Poland 

Source: Own research 

Forecasting began from 2016 and finished in 2020. All forecasts were based on empirical data for the years 

2000-2015 (statistical data used for forecasting are presented in Table 1). Statistical data on the volume of 

steel production in Poland in 2016-2017 were provided for comparative purposes (during forecasting, these 

data were not published) and after obtaining forecasts they were used to calculate forecast errors - ex post). 

Table 1 Steel production in Poland in 2000-2015  

Year Total steel production BOF steel EAF steel 

mln tons mln tons % * mln tons % * 

2000               10.498 6.800 64.7 3.285 31.3 

2001 8.809 5.823 66.1 2.809 31.9 

2002 8.367 5.799 69.3 2.561 30.7 

2003 9.107 6.070 66.6 3.037 33.4 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

116 

Table 1 Continue 

Year Total steel production BOF steel EAF steel 

 mln tons mln tons % * mln tons % * 

2004               10.578 6.858 64.8 3.721 35.2 

2005 8.336 4.893 58.7 3.443 41.3 

2006                9.992 5.766 57.7 4.225 42.3 

2007               10.631 6.198 58.3 4.433 41.7 

2008 9.727 5.225 53.7 4.502 46.3 

2009 7.128 3.236 45.4 3.893 54.6 

2010 7.993 3.995 49.9 3.998 50.1 

2011 8.776 4.424 50.4 4.353 49.6 

2012 8.348 4.227 50.6 4.132 49.4 

2013 7.950 4.399 55.3 3.551 44.7 

2014 8.558 5.067 59.2 3.491 40.8 

2015 9.202 5.323 57.8 3.879 42.2 

2016 8.999 5.100 57.0 3.900 43.0 

2017**               10.333 6.200 60.0 5.167 40.0 

* % in total steel production. ** data unpublished up to now. 

Source: own reserach on the basis of reports publised by Polish Steel Association. 

Forecasts were built using econometric models (linear and linearized functions), adaptive and autoregressive 

models. The optimization of the point forecast value was based on the search for the minimum value of one of 

the errors: RMSE* - root-mean-square error  (formula 1) and Ψ - the average value of the relative error of ex-

post forecasts (formula 2), treated as the optimization criterion.  

 

             (1) 

 

 
*

1

1 n
t t

t m t

y y
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− ∑             (2) 

where:  

yt - empirical value  

y*t - the value of the forecast 

t - time (t=2000, 2001....2015) 

n - number of elements of the time series (n=16) 

m − number of initial periods or moments of time t, for which the expired forecast was not realized or the forecast 

is the effect of the start-up mechanism. 

3. FORECASTS OF STEEL PRODUCTION 

Taking the differences methodology (discussed in Chapter 1) and selecting the optimal forecasts that were 
obtained using the following methods: exponential-autoregressive model (k = 3); autoregressive model, 
creeping trend method - prediction based on harmonic weights obtained results presented in Tables 2a, 2b 
and 2c. 
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Table 2a) Forecats of steel production in Poland in two variants: Variant A: total steel production - BOF  

      steel production = EAF steel production, Variant B: total steel production - EAF steel production  

      = BOF steel production (mln tons) 

No
. 

Year 
Total steel 
production 

BOF EAF 

Forecast for 
total steel 

production 

Method 1 

Forecast for 
BOF  

Method 2 

EAF 

(column 5 
minus 

column 6) 

Forecast for 
EAF  

Method 2 

BOF 

(column 5 
minus 

column 8) 

1 2 3 4 5 6 7 8 9 

1 2000 10.498 6.800 3.285 
     

2 2001 8.809 5.823 2.809 
 

5.957 
   

3 2002 8.367 5.799 2.561 
 

5.450 
   

4 2003 9.107 6.070 3.037 7.676 5.438 
   

5 2004 10.578 6.858 3.721 8.909 5.578 
   

6 2005 8.336 4.893 3.443 9.062 5.987 3.075 
  

7 2006 9.992 5.766 4.225 8.665 4.967 3.698 4.151 4.513 

8 2007 10.631 6.198 4.433 9.001 5.421 3.581 4.544 4.457 

9 2008 9.727 5.225 4.502 9.221 5.645 3.576 4.404 4.817 

10 2009 7.128 3.236 3.893 9.123 5.140 3.983 4.186 4.937 

11 2010 7.993 3.995 3.998 8.657 4.106 4.551 3.823 4.834 

12 2011 8.776 4.424 4.353 8.736 4.501 4.235 4.139 4.596 

13 2012 8.348 4.227 4.132 8.849 4.723 4.126 3.902 4.947 

14 2013 7.950 4.399 3.551 8.736 4.621 4.115 3.674 5.061 

15 2014 8.558 5.067 3.491 8.624 4.711 3.913 3.622 5.002 

16 2015 9.202 5.323 3.879 8.702 5.057 3.644 4.011 4.691 

17 2016 
   

8.817 5.190 3.627 4.064 4.753 

18 2017 
   

8.760 5.122 3.638 3.848 4.912 

19 2018 
   

8.751 5.086 3.665 3.822 4.929 

20 2019 
   

8.756 5.067 3.689 4.087 4.670 

21 2020 
   

8.756 5.057 3.699 4.162 4.594 

Marks: No. 1 Exponential-autoregressive model (k=3); No. 2 Autoregressive model (AR1)  

Source: own reseach 

Table 2b) Forecats of steel production in Poland in two variants: Variant A: total steel production - BOF  

      steel production = EAF steel production, Variant B: total steel production - EAF steel production  

      = BOF steel production (mln tons) 

No
. 

Year Total steel 
production BOF EAF 

Forecast 
for total 

steel 
production 

Method 2a 

Forecast 
for BOF  

Method 2b 

EAF 

(column 5 
minus 

column 6) 

Forecast 
for EAF  

Method 2b 

BOF 

(column 5 
minus  

column 8) 

1 2 3 4 5 6 7 9 9 

1 2000 10.498 6.800 3.285 
     

2 2001 8.809 5.823 2.809 
 

5.957 
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Table 2b) Continue 

No. 
Year 

Total steel 
production BOF EAF 

Forecast for 
total steel 

production 

Method 2a 

Forecast for 
BOF  

Method 2b 

EAF 

(column 5 
minus column 

6) 

Forecast for 
EAF  

Method 2b 

BOF 

(column 5 
minus  

column 8) 

1 2 3 4 5 6 7 9 9 

3 2002 8.367 5.799 2.561  5.450    

4 2003 9.107 6.070 3.037 
 

5.438 
   

5 2004 10.578 6.858 3.721 
 

5.578 
   

6 2005 8.336 4.893 3.443 8.670 5.987 2.683 
  

7 2006 9.992 5.766 4.225 8.591 4.967 3.624 4.151 4.439 

8 2007 10.631 6.198 4.433 9.732 5.421 4.311 4.544 5.188 

9 2008 9.727 5.225 4.502 9.963 5.645 4.319 4.404 5.559 

10 2009 7.128 3.236 3.893 8.143 5.140 3.003 4.186 3.957 

11 2010 7.993 3.995 3.998 8.792 4.106 4.685 3.823 4.969 

12 2011 8.776 4.424 4.353 8.368 4.501 3.867 4.139 4.229 

13 2012 8.348 4.227 4.132 8.086 4.723 3.363 3.902 4.184 

14 2013 7.950 4.399 3.551 7.737 4.621 3.116 3.674 4.063 

15 2014 8.558 5.067 3.491 9.299 4.711 4.588 3.622 5.677 

16 2015 9.202 5.323 3.879 9.262 5.057 4.205 4.011 5.251 

17 2016 
   

8.966 5.190 3.775 4.064 4.901 

18 2017 
   

9.008 5.122 3.886 3.848 5.160 

19 2018 
   

9.416 5.086 4.331 3.822 5.594 

20 2019 
   

9.407 5.067 4.340 4.087 5.321 

21 2020 
   

8.970 5.057 3.912 4.162 4.808 

Marks: No.2a. Autoregressive model AR (1,2); No.2b Autoregressive model AR (1) 

Source: own reseach 

Table 2c) Forecats of steel production in Poland in two variants: Variant A: total steel production - BOF  

      steel production = EAF steel production, Variant B: total steel production - EAF steel production=  

      BOF steel production (mln tons) 

No
. 

Year 
Total steel 
production BOF EAF 

Forecast 
for total 

steel 
production 

Method 3 

Forecast for 
BOF  

Method 3 

EAF 

(column 5 
minus 

column 6) 

Forecast 
for EAF  

Method 3 

BOF 

(column 5 
minus 

column 8) 

1 2 3 4 5 6 7 8 9 

1 2000 10.498 6.800 3.285 9.888 6.455 3.433 3.072 6.816 

2 2001 8.809 5.823 2.809 8.867 5.932 2.935 2.762 6.106 

3 2002 8.367 5.799 2.561 8.923 6.058 2.865 2.812 6.111 

4 2003 9.107 6.070 3.037 9.123 6.107 3.016 3.026 6.097 

5 2004 10.578 6.858 3.721 9.596 6.147 3.449 3.458 6.138 
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Table 2c) Continue 

No. 
Year 

Total steel 
production 

BOF EAF 

Forecast for 
total steel 
production 

Method 3 

Forecast for 
BOF  

Method 3 

EAF 

(column 5 
minus 

column 6) 

Forecast for 
EAF  

Method 3 

BOF 

(column 5 
minus 

column 8) 

1 2 3 4 5 6 7 8 9 

6 2005 8.336 4.893 3.443 9.393 5.665 3.728 3.729 5.664 

7 2006 9.992 5.766 4.225 9.941 5.795 4.146 4.146 5.795 

8 2007 10.631 6.198 4.433 10.090 5.711 4.379 4.379 5.711 

9 2008 9.727 5.225 4.502 9.347 4.993 4.354 4.354 4.993 

10 2009 7.128 3.236 3.893 8.048 3.954 4.094 4.093 3.955 

11 2010 7.993 3.995 3.998 7.947 3.855 4.093 4.093 3.854 

12 2011 8.776 4.424 4.353 8.313 4.134 4.179 4.181 4.132 

13 2012 8.348 4.227 4.132 8.367 4.344 4.023 4.028 4.339 

14 2013 7.950 4.399 3.551 8.299 4.535 3.764 3.767 4.531 

15 2014 8.558 5.067 3.491 8.462 4.898 3.564 3.565 4.897 

16 2015 9.202 5.323 3.879 8.990 5.348 3.643 3.641 5.350 

17 2016       8.974 5.433 3.542 3.850 5.125 

18 2017       8.958 5.542 3.416 3.820 5.138 

19 2018       8.942 5.652 3.291 3.790 5.152 

20 2019       8.926 5.761 3.165 3.761 5.166 

21 2020       8.910 5.871 3.040 3.731 5.179 

Marks: No.3. creeping trend method - prediction based on harmonic weights 

Source: own reseach 

Stage II, version A obtained forecasts for BOF steel from 4.97 mln tons to 5.26 mln tons, while EAF steel  

from 3.7 mln ton to 4.1 mln tons (Figures 2a, 2c, 2e). At the stage II, version B of the forecast for BOF steel, 

from 4.5 mln tons to 5.3 mln tons, and for electric steel (EAF steel) from 3.6 mln tons do 4.5 mln tons  

(Figures 2b, 2d, 2f). Taking into account the current proportions between the size of produced steel in 

converters and electric furnaces (Table 1), as well as the obtained forecasts, it can be assumed that steel mills 

will produce more converter steel than electricity. Table 3 presents the proportions of steel production in 

Poland according to BOF and EAF technology based on the obtained forecasts by author. 

Table 3 Forecats of steel production in Poland according to BOF and EAF technology 

Year BOF steel (%) EAF steel (%) 
 

Version A Forecasts Version B Forecasts 

2016 58.5 54.8 41.5 40.9 

2017 59.2 57.3 40.8 41.4 

2018 59.9 59.5 40.1 40.8 

2019 60.5 56.6 39.5 42.2 

2020 61.2 53.6 38.8 43.2 

Source: own reseach 
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a) On the basis of Table 2a b) On the basis of Table 2a 

 
c) On the basis of Table 2b d) On the basis of Table 2b 

 
e) On the basis of Table 2c f) On the basis of Table 2c 

 
Source: Own research 

Figure 2 Variants of forecasts for steel production in Poland 

4. CONCLUSION 

The paper presents new methodology of forecasting of size steel production. The forecasting methodology 

adopted by the author is innovative, and its application enables multi-variant forecasting, while meeting 

the assumption that the total production is carried out using two key production technologies, the partial outputs 

of which account for 100 %. On the basis of analysis steel sector in Poland will be produce more steel in 
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technology BOF (more than 50 % of total production) than steel in EAF. Steel production in Poland will be 

above 9 mln tons in near years. 
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Abstract 

Based on the non-stoichiometric Gibbs free enthalpy minimization algorithm (FEM), an equilibrium 

physicochemical model of the ferrosilicon FeSi75 smelting process has been elaborated where the influence 

of process parameters was determined. In the above model in the submerged arc furnace, the basic 

parameters are temperatures of the upper and lower reactors and a fraction of the reducer in reaction mixture 

expressed by the molar ratio C/SiO&. In addition, considering the carbon content and the content of admixtures 

in the metallic phase, small amounts of oxides: Al&O), CaO, MgO, TiO& in the simulation calculations were 

included in the reaction mixture. The following temperature ranges were taken into account: 1630 to 1650 ℃ 

for the upper reactor and 1920 to 2010 ℃ for the lower one. The presented calculation results show a good 

compliance with the observations of the increased quality ferrosilicon FeSi75 (used in the production of special 

steels) smelting process under industrial conditions. This concerns in particular the influence of temperature 

conditions and the fraction of the reducer in the reaction mixture on the silica reduction process efficiency as 

well as the yields of basic component Si and the trace elements Al, Ca, Mg, Ti. 

Keywords: Ferrosilicon, equilibrium model, Gibbs free enthalpy minimization, submerged arc furnace 

1. INTRODUCTION 

Ferrosilicon is smelted in the submerged arc furnaces with Søderberg self-baking electrodes immersed in the 

charge material [1,2]. Ferrosilicon smelting is a continuous process. Raw materials are fed into the furnace 

from its top as a mixture of quartzite, carbon reducers (coal, pea coke, and wood chips) and iron-bearing 

materials (mill scale or steel chips). Periodically, liquid metal is tapped into the ladle through one of the tap 

holes located next to the furnace hearth. The heat, necessary for the highly endothermic carbothermic silica 

reduction process, is generated directly in the charge as a result of electric current flow (resistive heating) and 

due to electric arc radiation in the gas chambers placed near the electrode tips. The efficiency of carbothermic 

silica reduction process depends on temperature and energy conditions within the reaction zones near the 

electrodes. Ferrosilicon smelting process in the submerged arc furnaces is considered to be a slag-free 

process although small amounts of slag are always seen in the ferrosilicon furnace. This is associated with the 

quality of raw materials and the presence of small amounts of Al2O3, CaO, MgO and TiO2 in the charge mixture. 

A physicochemical model of ferrosilicon smelting process has been presented, using the non-stoichiometric 

algorithm of Gibbs free energy minimization (FEM) [3,4]. As the input data, the algorithm requires the initial 
composition of the reaction mixture, process parameters (T - temperature, P - pressure) and a list of 

components that may appear in the equilibrium composition of each system phase. In this approach, chemical 

reactions or stoichiometric equations do not have to be determined. For calculations, the HSC 7.1 [4] 

thermochemical software was applied, enabling the use of a thermochemical database and solution of FEM 

problems directly in the Excel spreadsheet. The presented model is an extension of models with two isothermal 

reactors [5,6] where equilibrium conditions in Fe-Si-O-C systems are taken into account. In this paper, a Fe-

Si-O-C-Al-Ca-Mg-Ti system was added to the equilibrium model so that the presence of Al2O3, CaO, MgO, 

TiO2 admixtures, related to ferrosilicon smelting in the submerged arc furnaces, can be taken into 

consideration. 
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2. EQUILIBRIUM MODEL FOR THE ELECTROCHEMICAL PROCESS OF FERROSILICON SMELTING 

As the physicochemical model of the process, a system of two closed isothermal reactors [6] was selected: an 
upper reactor with a lower temperature T1 and a lower reactor with a higher temperature T2. Between the 

reactors and the environment as well as between the in-system reactors, the cyclic mass transfer occurs when 

the equilibrium state is reached. Simulation of continuous ferrosilicon process was performed recursively. In 
Cycle 1, a portion of the reaction mixture is fed into the upper reactor (Table 1). The molar composition of the 

mixture corresponds approximately to the composition of charge mixture used for FeSi75 ferrosilicon smelting. 
In Reactor 1, chemical reactions occur until the equilibrium state is reached at the temperature T1. Then, the 

gaseous phase products leave the reactor and, when cooled to 01 � 850 ℃, they do not participate in the 

further chemical process. At the same time, the products of condensed phases are transferred down from 

Reactor 1 o Reactor 2 where they react until the equilibrium state is reached  

Table 1 Molar composition of the reaction mixture in the model of ferrosilicon smelting process 

i Component Atomic mass mi (kmol) 

1 Al2O3 101.96 0.001 

2 Al2O3*SiO2(A) 162.05 0.01 

3 CaO 56.08 0.015 

4 FeO*SiO2 131.93 0.01 

5 MgO 55.85 0.005 

6 SiO2 60.08 0.98 

7 TiO2 79.90 0.0005 

8 Fe 55.85 0.13 

9 C 12.01 1.9 -2.0 

at T2. Next, the condensed phase products leave Reactor 2 and, following the temperature decrease to T1, 

they form metallic and slag phases, leave the system and do not participate in the further process. 
Simultaneously, the gaseous phase products leave Reactor 2 and, after being cooled to the temperature T1, 

they are transferred back to Reactor 1 where they react during the next cycle. Cycle 2 and all further cycles 

begin with a new portion of the reaction mixture being fed into Reactor 1 where it reacts with gaseous phase 
components (that remain after the previous cycle) until the equilibrium state is reached at the temperature T1. 

Next, during Cycle 2 and each further cycles, the process is the same as in Cycle 1. Considering the real  

conditions, the temperature 01  corresponds to the temperature of gases (waste products of silica reduction 

with carbon) observed immediately after leaving the inner part of the ferrosilicon furnace, close to the upper 

surface of the charge. Using a simplifying assumption, Reactor 1 corresponds to charge zones in the operating 

space of a submerged arc furnace where the heat is generated as a result of electric current flow (resistive 

heating). Zone 2 corresponds to the gas chambers that surround the electrodes tips where the heat is 

generated due to the electric arc radiation. Based on the model, the mass and energy balances of the process, 

theoretical indexes of raw material and energy consumption as well as element yields were determined. The 

non-stoichiometric algorithm of Gibbs minimization is a useful approach for solving the non-linear optimization 

problem with contrains resulting from the mass balances for individual elements in the system:   

min7
8�0� , 9, 7:�

;0�
 

         < ∙ 7� � >     

           7 ? @       
 

(1) 
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where:  

8�0� , 9, 7� , �    - Gibbs free enthalpy function for the reactor, A � 1,2 

 7: � C7�D, 7�&, … , 7�
FGH

,  7�I � C D,�I ,  &,�I , … ,  JK,�
I GH

  

           7�I - vectors whose components are numbers of moles of individual phase components, L � 1,2, … , M   

           < - atomic matrix, sized N ×  , whose elements are numbers of individual atoms of a specific phase    

 components (Tables 2,3) 

  � PD + P& + ⋯ + PF, a number of components in the system 

           > - vector N × 1: a vector whose components are numbers of gram atoms of Fe, Si, O, C, Al, Ca, Mg, Ti   
                 elements that are present in the system during each cycle      

           M - a number of phases in the system 

          N � 8  - a number of atoms that form the Fe-Si-O-C-Al-Ca-Mg-Ti system 

           ; - gas constant (J/(kmol⋅K)) 

For each cycle, the equilibrium composition of the system and the energy balance are determined. The energy 

balance includes the following components: 

 

VW � ∆Y&Z[HD �7@� + ∆YHDWDC7@, 7\]G +  ∆YHDH&C7]\, 7]̂, 7]_, 7]̀G + ∆YHD
HaC7]]G +   ∆YH&HDC7\]G, (2) 

 

VbIc � ∆YH&W&�7D&, 7D), 7Dd, 7De� + ∆YH&HD�7&&, 7&), 7&d , 7&e� , (3) 

 

V � VW + VbIc  (4) 

where:    

      ∆Y&Z[HD �7f� - enthalpy change of the substrates during heating from the ambient temperature up to  

                          the temperature T1 (MJ/kmol) 
       ∆YHDWD�7f, 7&D�, ∆YH&W&�7D&, 7D), 7Dd , 7De� - thermal effects of the chemical reactions in Reactor 1 and  

                                                                 Reactor 2, respectively (MJ/kmol) 
       ∆YHDH&�7D&, 7D), 7Dd, 7De�  - enthalpy change of the condensed phases while heating during the transfer  

                                          from Reactor 1 down to Reactor 2 (MJ/kmol) 
       ∆YH&HD�7&D� - enthalpy change of the gaseous phase while cooling during the transfer from  

                          Reactor 2 up to Reactor 1 (MJ/kmol) 
       ∆YHD

Ha�7DD� - enthalpy change of the gaseous phase components after leaving Reactor 1 and  

                          cooling from the temperature 0D to the temperature Tw (MJ/kmol) 
       ∆YH&HD�7&&, 7&), 7&d, 7&e� - enthalpy change of the condensed phase components after leaving  

                                         Reactor 2 and cooling from the temperature 0& to 0D (MJ/kmol) 
        V - overall energy demand for the reduction process (MJ/kmol) 

The components of energy balance, VW , VbIc , describe the distribution of heat in reaction zones surrounding 

the electrodes in the submerged arc furnace. The component VW corresponds to the charge zones where the 

heat is generated due to resistive heating while the component VbIc corresponds to the gas chambers located 

near the electrode tips where the heat is generated as a result of the electric arc radiation. The heat distribution 
within the operating space of the furnace was determined with percent fractions Q1, Q2 related to the 

components VW, VbIc of the energy balance as follows: 

 

VD � 100 ∙ V1
V , V& � 100 ∙ VbIc

V  .  
(5) 
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Based on the mass and energy balances, the yields of the basic component Si and the trace elements 

Al, Ca, Mg, Ti were calculated and the energy consumption index k was determined: 

k � 1000 ∙ V
3.6 ∙ n ∙ o  �kWh/t�  

(6) 
 

where:  

      o - weight of the metallic phase that leaves Reactor 2 (kg/kmol SiO2) 

      n - coefficient related to the energy efficiency of the process, n ≈ 0.88 

      3.6 - Energy Unit Converter, 1 kWh � 3.6 MJ        
Using the thermochemical database HSC 7.1 [4], 150 components in the Fe-Si-O-C-Al.-Ca-Mg-Ti system were 

considered. They form five phases in the 1200 to 2500 ℃ temperature range. Due to a large number of the 

components, Table 2 presents the components of individual phases limited to the Fe-Si-O-C-Al system. For 

comparison, a full list of the metallic phase components in the Fe-Si-O-C-Al-Ca-Mg-Ti system is presented in 
Table 3.    

Table 2 Components of individual phases of the Fe-Si-O-C-Al. system �N � 5, M � 5,  � 84, PD �
                 28, P& � 25, P) � 1, Pd � 1, Pe � 13  � 

Phase 1 C5(g) C6(g) C7(g) C8(g)   CO(g) CO2(g) 

 

C2O(g) C3O2(g) Fe(g) Fe2(g) Fe(CO)5(g) FeO(g) FeO2(g) O(g) 

O2(g) O3(g) Si(g) Si2(g) Si3(g) Si4(g) SiC(g) SiC2(g) 

Si2C(g) SiO(g) SiO2(g) Si2O2(g)     

Phase 2 Al4CO4 AlO Al2O3      

 

        

FeO  Fe2O3      

SiC2        

Phase 3 C        

Phase 4 SiC        

Phase 5 Al4C3 Al4SiC4 Fe2C Fe3C Al Fe FeSi FeSi2 

 Fe3Si Fe5Si3 Si      

Table 3 Components of the metallic phase in the Fe-Si-O-C-Al.-Ca-Mg-Ti system  �N � 8, f � 5, n �
                 150, kD � 47, k& � 72, k) � 1, kd � 1, ke � 29� 

Phase 5 Al Al3Ti Al3C3 Al4SiC4 AlTi Ca CaAl2 CaAl4 

 

CaC2 CaSi Fe Fe2C Fe2Ti Fe3C Fe3Si Fe5Si3 

FeSi FeSi2 FeTi Mg Mg2C3 Mg2Si MgC2 Si 

Ti Ti5Si3 TiC TiSi TiSi2    

3. EFFECTS OF PARAMETERS ON EFFICIENCY OF THE SILICA REDUCTION PROCESS 

Basic parameters in a model of the silica reduction process in the submerged arc furnace are temperatures 

0D, 0& of the upper and lower reactors as well as the fraction of reducer in the reaction mixture expressed by 
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the molar ratio oZ � C/SiO& (Table 1). In addition, simulation calculations included a small fraction of oxides: 

Al&O), CaO, MgO, TiO& in the reaction mixture that are always present in the ferrosilicon smelting process. 

Temperature ranges of 0D: 1630 to 1650 ℃, 0&: 1920 to 2010 ℃ were included in the calculations. The data on 

reaction mixture components are presented in Table 1. Schematic results following 25 cycles of the reaction 

system differing in the temperature conditions of reaction zones are presented in Figures 1 and 2. The heat 

balance data for the Figure 1 process are presented in Table 4. The calculation results are well consistent 

with observations of the industrial process of ferrosilicon smelting. This particularly refers to the effects of 

temperature conditions and the fraction of reducer in the charge mixture on the efficiency of the reduction 

process. The results shown in Figures 1 and 2 confirm a favourable influence of the lower temperature of the 

upper zone �0D� and of the higher temperature of the lower zone (0&) on the reduction process efficiency. The 

following values of the process efficiency are well consistent with the observations of ferrosilicon smelting 

industrial process: specific energy consumption index k, basic component Si yield, trace element (Al, Ca, Mg, Ti� 

yields, metallic phase chemical composition and amounts of waste products of the process (dust, SiC phase, 

slag phase).  

  

Figure 1 Results of simulation calculations based 

on the model of ferrosilicon smelting process. 

Process parameters: temperature of reactors:  0D �
1630 ℃, 0& � 1960 ℃, P = 1 bar, charge mixture 

composition �kmol�: oD � 0.001, o& � 0,01,  o) �
0.015,  od � 0.01,  oe � 0.005 , o� � 0.98,  oy �

0.0005 , o[ � 0.13 , oZ � 1.95 

Figure 2 Results of simulation calculations based 

on the model of ferrosilicon smelting process. 

Process parameters: temperature of reactors:  0D �
1650 ℃, 0& � 1950 ℃, P = 1 bar, charge mixture 

composition �kmol�: oD � 0.001 ,o& � 0.01 ,o) �
0.015 ,  od � 0.01, oe � 0.005 , o� � 0.98, oy �

0.0005 , o[ � 0.13 , oZ � 1.95 
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Table 4 Heat balance of the process presented in Figure 1 

No. Heat balance component (kcal/mol) (MJ/kmol) (kWh/Mg) (%) 

1 Substrate heating from 25oC up to T1 46,68 195,29 

 Q1 

2 Thermal effect of reactions in Reactor 1 38,21 159,86 

3 Cooling of gas from Reactor 2:  T2 → T1 -4,13 -17,27 

4 Heating of products leaving  Reactor 1 up to T2 9,62 40.24 

5 Cooling of gas from Reactor 1: from T1 up to 850 oC -16,24 -67,95 

Overall heat in Reactor 1,  QR 74,13 310,17 2606,8 37,3 

6 Reaction of Reactor 1 products in Reactor 2 127,30 532,61 
 Q2 

7 Cooling of metal and slag from T2 to the tapping temp. T1 -2,70 -11,32 

Overall heat in Reactor 2,  QArc 127,59 521,29 4381,3 62,7 

8 Overall energy consumption,  Q = QR + QArc 198,72 831,46  100,0 

Energy consumption, E=Q/η           η =0,88 225,82 944,84 7941,0  

4. CONCLUSIONS 

1) The presented model enables a better understanding of the ferrosilicon smelting process in the 
submerged arc furnace. It gives a potential for determining the effects of reducer fraction in the charge 
and temperature conditions of the reactions zones on the efficiency of silica reduction with carbon. 

2) A small deficiency of reducer in the charge mixture in relation to the stoichiometry of the silica reduction 

reaction SiO2+2C=Si+2CO has a favorable effect on a smaller trend for SiC phase formation and on the 

efficiency of the silica reduction process. 
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Abstract 

Thermo-analytical methods are commonly used for phase transformation temperature identification in a lot of 

science and industrial applications. Currently, there are most frequently methods based on very small samples 

analyses like a differential scanning calorimetry (DSC) and/or a differential thermal analysis (DTA) realised for 

various materials mostly in combination with a thermo-gravimetry (DSC/TG; DTA/TG respectively). The aim of 

such methods of tiny samples is to fit a transformation process without an influence of the sample mass and 

to get universal like conclusions. On the other hand, older direct thermal analytical method generally done on 

tens grams and larger samples are not so popular now excluding few applications regarding to cast iron and/or 

non-ferrous metals and their modifying process monitoring. However, simultaneous utilisation of both 

mentioned methods during determination of real steel liquidus (TL) and solidus (TS) temperatures leads to 

suppressing their individual disadvantages and enable to fit the results for such heterogeneous material like 

steel in the best possible way. The paper is focused on the discussion of TL and TS of 18 continuously cast 

steels analysed in the frame of No. LO1203 "Regional Materials Science and Technology Centre - Feasibility 

Program”. The submitted evaluation shows an importance of the parallel utilization of methods, accuracy and 

reproducibility of the results and also the deviations of the experimentally determined TL and TS and empirically 

calculated values of the industrial partner and values obtained by thermodynamic calculations. 

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

1. INTRODUCTION 

Constantly increasing and strict requirements on quality of continuously cast round billets and cast steel require 

a comprehensive approach to solve whole process of steelmaking. To ensure of 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 by segregation phenomena is affected [13-17]. Knowledge of 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 a project No. LO1203 

"Regional Materials Science and Technology Centre - Feasibility Program”. Now, it summarises the results 
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obtained for 18 steel grades cast into round billets. 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 

commercial 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 INDUSTRY) were 

compared. Experimental values were also predicted by modern commercial SWs IDS (Solidification Analysis 

Package), Computherm or Thermo-Calc (database TCFE7) by own calculations (with regard to chemical 

composition available).  

3. RESULTS AND DISCUSSION 

Completely 18 melts of 18 steel grades are discussed. 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 (INDUSTRY) and with two 

thermodynamic professional SWs (IDS, Computherm or 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.  

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.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

130 

Table 1 Liquidus temperatures obtained by different methods; °C 

Steel grade 
DTA dirTA 

INDUSTRY IDS 
Computherm or  

Thermo-Calc* Heating Heating Cooling 

A 1523 1521 1518 1521 1521 1527 

B 1517 1516 1511 1516 1521 1522 

C 1510 1514 1511 1510 1517 1517* 

D 1515 1515 1511 1512 1518 1518 

E 1517 1520 1517 1517 1521 1518* 

F 1511 1515 1512 1513 1517 1517* 

G 1482 1489 1486 1486 1492 1493* 

H 1492 1493 1487 1492 1497 1498* 

I 1472 1472 1461 1467 1477 1477* 

J 1509 1509 1505 1508 1513 1513* 

K 1485 1496 1490 1488 1494 1494* 

L 1486 1489 1484 1483 1492 1492* 

M 1481 1487 1481 1480 1487 1487* 

N 1498 1503 1499 1497 1502 1503* 

O 1488 1491 1486 1485 1491 1491* 

P 1516 1520 1517 1516 1520 1527* 

Q 1502 1506 1502 1503 1508 1508* 

R 1513 1516 1513 1511 1515 1511* 

The following approach has chosen to obtain one final TL temperature which should be recommended as 

optimal TL temperature for the adjustment of steel casting technology:  

1) Presented experimental results have high degree of reproducibility and 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). TL based on linear heating DTA 

conditions fits the higher and final recommended value five times. Values obtained under the linear cooling 

and dirTA condition are lower than recommended value for each studied steel grades.  

Related to the calculated TL values, it could be stated that no one value predicted by system used for TL 

prediction in the industrial conditions fits the real TL for defined steel grades. TL predicted by industrial partner 

are lower than experimentally determined ones in every studied case. However, the difference is almost up to 

4 Celsius degrees. Applied thermo-dynamical SWs fits only four experimentally determined TL and such 

calculated values varies in the difference interval <-5; 7> °C for all used SWs except IDS prediction for F steel 

grade (+28 °C difference). 
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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 content of internal quality influencing. 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 steel 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 2. 

Table 2 Solidus temperatures obtained by different methods; °C  

Steel grade 
DTA dirTA 

IDS 
Computherm or  

Thermo-Calc* Heating Heating Cooling 

A 1,492 1,484 1,484 1,485 1,490 

B 1,488 1,482 1,469 1,482 1,490 

C 1,485 1,478 1,467 1,477 1,457* 

D 1,489 1,482 1,469 1,477 1,486 

E 1,489 1,482 1,471 1,483 1,469* 

F 1,472 1,479 1,463 1,418 1,476* 

G 1,422 1,424 1,453 1,418 1,409* 

H 1,430 1,435 1,439 1,437 - 

I 1,463 1,372 1,433 1,383 1,366* 

J 1,479 1,468 1,462 1,471 1,424* 

K 1,418 1,430 1,449 1,421 1,405* 

L 1,418 1,419 1,440 1,424 - 

M 1,415 1,415 1,440 1,413 - 

N 1,447 1,449 1,451 1,446 1,449* 

O 1,426 1,426 1,443 1,422 1,398* 

P 1,450 1,464 1,473 1,484 1,485* 

Q 1,462 1,453 1,444 1,447 1,427* 

R 1,479 1,480 1,461 1,480 - 

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 2) were selected in accordance with the above approach. Unlike 

previously discussed TL and Table 1, the more variable distribution of the final recommended solidus 

temperatures is evident. No one method is dominant; this highlights the positive impact of different methods 

and the mass of sample usage on a proper selection of crucial temperatures for one steel grade. Generally 

known difficulties with the correct identification of TS are obviously also based on the fact that no SW's predicted 

values fit the experimentally determined and selected TS. Data related to TS from industrial partner were not 

delivered for comparison. It was not possible to calculate all TS by SW due to specific limitations.  

The Table 3 with divergences from the final recommended TS obtained by different methods underlining the 

difficulties with TS determination given by the non-uniformity of steel behaviour during solidification including 
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varying conditions on the one side and also given by complicated numerical describing of all mechanisms 

related to the nucleation and solidification of such heterogeneous and multi-component material like steel. 

Table 3 Divergences from the final recommended TS obtained by different methods; °C 

Steel grade 
DTA dirTA 

IDS 
Computherm or  
Thermo-Calc* Heating Heating Cooling 

A 8 0 0 1 6 

B 19 13 0 13 21 

C 18 11 0 10 -10* 

D 20 13 0 8 17 

E 18 11 0 12 2* 

F 9 16 0 -45 13* 

G 0 2 31 -4 -13* 

H 0 5 9 7 - 

I 91 0 61 11 -6* 

J 17 6 0 9 -38* 

K 0 12 31 3 -13* 

L 0 1 22 6 - 

M 0 0 25 -2 - 

N 0 2 4 -1 2* 

O 0 0 17 -4 -28* 

P 0 14 23 34 35* 

Q 18 9 0 3 -17* 

R 18 19 0 19 - 

Furthermore, it is also possible to observe that divergences of TS temperature obtained by different methods 
from the final recommended values (Table 3) are more pronounced (usually in the order of tens of degrees of 

Celsius for individual melts) than in the case of TL identification. However, there are steel grades where these 

differences are less than 10 °C. Due to the procedure of recommendation of final TS temperatures - 

recommended TS values are always lower than other thermal analysis methods’ results. With the use of 

thermodynamic SWs, 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 proper determination of TS was further proceeded to compare the temperature 
interval between the two-phase region between TL and TS (Table 4). 

Values of the temperature interval from TL to TS recommended by the thermal analysis in column TA in  
Table 4 can be registered. Temperature intervals achieved by each other type of prediction (IDS; Computherm 

or 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 SW’s 

calculations/predictions.   

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’s predicted values, is in the order of tens or hundreds of degrees 

of Celsius. 
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When comparing the temperature intervals of the range of the two-phase region, determined by the empirical 

calculations, it is possible to find close temperature intervals and conversely wider temperature intervals than 
were experimentally determined by TA methods (Table 4). Ranges of two-phase regions from SWs were 

predicted in some cases close in other ones they were wider than determined by TA methods. 

Table 4 Range of two-phase temperature intervals for individual steel grades by the use of different methods  

 of their identification and divergences of calculated range against experimentally determined range;  

 °C  

Steel grade 

   Divergences from TA values 

TA IDS 
Computherm 
or Thermo-

Calc* 
IDS Computherm or Thermo-Calc* 

A 31 36 37 5 6 

B 29 39 32 10 3 

C 29 40 60 11 31 

D 26 41 32 15 6 

E 31 38 49 7 18 

F 36 99 41 63 5 

G 36 74 84 38 48 

H 54 60 - 6 - 

I 100 94 111 -6 11 

J 30 42 89 12 59 

K 47 73 89 26 42 

L 49 68 - 19 - 

M 47 74 - 27 - 

N 52 56 54 4 2 

O 48 69 93 21 45 

P 47 36 42 -11 -5 

Q 44 61 81 17 37 

R 36 35 - -1 - 

4. CONCLUSION 

The paper presented results of determination of liquidus and solidus temperatures for various steel grades cast into 

the round billets 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 sophisticated programs 

Computherm or Thermo-Calc and 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. 
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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.  

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 problematic 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 different content of carbon and/or alloying elements. Finally, the 

operational experiments in real plant conditions should be proceeded to adjustment of the casting technology to 

gain savings not only in the field of superheat temperature of steel before casting but also for better prediction of 

two-phase zone and cooling zone setting.  

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 

In the grinding process of steel products, considerable amounts of grinding dust are generated, polluted with 

coolant (oil, oil emulsions), and non-metallic material from abrasive (silicon carbide, aluminum oxide and 

others). Grinding sludge generated as a result of this mechanism is a valuable source of post-industrial waste 

containing, apart from iron, such alloying elements as: cobalt, nickel, copper, tungsten, molybdenum, and 

vanadium. Considering the metallurgical value of grinding sludge, a method for recovering these elements 

from the sludge has been developed. The article presents a recycling method in a three-stage technological 

process consisting of sludge de-oiling, sintering, and re-melting in an electrical furnace. 

Keywords: Steel, grinding dust, new recycling method 

1. INTRODUCTION 

When grinding metal products in the machine and metallurgic industry, considerable amounts of fine-grained 

grinding sludge are generated, Figure 1. Apart from metals (iron and alloying elements), this sludge contains 

abrasive (silicon carbide and aluminum oxide), oil emulsions or oil used as coolant. Grinding sludge generated 

as a result of machining, containing these materials, is one of the sources of industrial waste, ranked as 

dangerous waste. 

 
Figure 1 Formation of grinding sludge in the abrasive treatment process 
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Industrial waste contains substances that, after penetrating the environment, may cause adverse health effects 

to humans, animals, or plants, and, in most cases, hardly reversible or irreversible contamination  

of the environment and its resources [1]. 

Grinding sludge is a very valuable raw material for the iron metallurgy, due to its content of iron and alloy 

elements i.e. Cr, Ni, Co, Cu, W, Mo, V and others. Their processing is however extremely difficult due to 

contamination present there, or it is not very profitable due to energy-consuming processing methods. As a 

result, grinding sludge is deposited at a waste dump. The subject of the research conducted was to develop  

a new method for recovering alloy elements from grinding sludge, being competitive in the economic and 

ecological terms as compared to the methods applied to date. The new grinding waste processing method 

was developed based on the grinding sludge formed during the production of Al-Ni-Co type magnets 

2. RESEARCH METHODOLOGY 

2.1. Grinding sludge characteristic  

The research material for developing the new recycling method was grinding sludge from Alnico 350, Alnico 

400, Alnico 550, Alnico 650 alloys, consisting of 3 major component groups: 

• the metalic part: 62 ÷ 70 %, 

• abrasive from grinding discs: 23 ÷ 31 %, 

• emulsion for magnet processing: 4 ÷ 5.5 %. 

Table 1 presents chemical analyses of the grinding sludge supplied, whose have been performed  

in the chemical laboratories of the Ferrous Metallurgy Institute in Gliwice [2]. 

Table 1 Al-Ni-Co grinding sludge chemical composition 

Sample no. 
Chemical composition (wt.%) 

C Mn Si Cr Ni Co Cu Al 

1 2.8 0.06 n.m. n.m. 12.5 20.0 2.1 14.0 

2 2.0 0.10 0.44 0.07 14.0 19.0 2.8 7.0 

3 2.8 n.m. 0.59 0.04 9,6 13.2 1.9 21.4 
 

n.m. - not measured 

In further processing of grinding sludge, the oil fraction content in the sludge is important. From the data 

obtained from the manufacturer of the magnets, it seemed that the grinding sludge which was acquired  

for processing contained micro-emulsion oil for metal machining. It is a semisynthetic oil concentrate  

that contains mineral oil (20 ± 2 %), corrosion inhibitors (8 %), water condensate (25 emulsifiers ± 2 %),  

and emulsifiers (the rest). The oil did not contain biocides or other components harmful to health, including 

sodium nitrite, chlorine, and hardly biodegradable emulsifiers. The tests performed revealed that the content 

of oil substances in the grinding sludge samples varies around 0.64 4 ÷ 1.65 %  

The sieve analysis revealed that the sludge was substantially fine-grained. Almost 94 % of grains were below 

0.125 mm. In the batch obtained, approx. 83 % of the sludge mass are magnetic fractions, being fines  

of the alloy intended for magnets. The remaining approx. 17 % are non-magnetic fractions containing,  

first of all, corundum abrasive from grinding discs. 

Alloy elements from sludge generated during the production of Al-Ni-Co type magnets were recovered  

on the basis of a four-stage test cycle presented in Figure 2 [2, 10]. 
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Figure 2 Diagram of the tests performed [2] 

2.2. STAGE 1 - Removing oil contaminants 

To remove the oil contaminants, the mechanical wet cleaning method was applied [3, 4]. When selecting 

agents for deoiling of grinding sludge, the principle was to use environment-friendly agents for washing, 

degreasing, or industrial cleaning, free of halogenated and aromatic hydrocarbons, freons, and detergents and 
emulsifying compounds. 

For grinding sludge deoiling, 21 preparations recommended by an expert company involved in cleaning agent 

sales and consulting were tested [5-7]. 

The methodology of the preliminary tests consisted in mixing 100 g of a grinding sludge sample with 200 ml of 

a solution containing a cleaning agent by means of a laboratory robot. Multi-option tests of deoiling  

in solutions containing different concentrations of the cleaning agent were conducted. The level of oil removal 

from the sludge was examined after 1, 3 and 5 minutes of mixing with the cleaning preparations. Then, the 

cleaning agent was decanted, the sludge dried, and the amount of oil contaminants in the deoiled sample was 

measured. On the basis of the tests completed, the most efficient and economically feasible preparation for 

grinding sludge deoiling was selected. For sintering, approx. 1,500 kg of grinding sludge was deoiled each 

time, no deterioration of this preparation's cleaning properties in the bath was observed.  

The bath with a concentration of the agent in water of 5 g/l provided deoiling by 62 %. The test (mixing) time 

was 15 minutes, and the cost of the 80 litre bath - 2.7 euro. 

2.3. STAGE 2 - Grinding sludge sintering 

In the second stage of the tests, the deoiled sludge was sintered on an experimental sintering pan in various 

charge configurations. The purpose was to remove carbon and to pre-oxidize Al, Si, Cr, and to bring  

the sludge to the balled form in order to make dosage to the electrical furnace possible. 
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This type of sludge has never been subjected to sintering before, and there were no criteria for selecting the 

most suitable process parameters. It was planned that to obtain the correct process parameters, this waste 

will be sintered in 3 options: 
 

1) Sludge sintering with added fly ash. 

2) Sludge sintering without fly ash. 

3) Sludge sintering with various amounts of iron ore. 
 

The sintering mix was prepared in a balling disc, and Alnico grinding sludge was test-sintered on a laboratory 

sintering pan. During sintering the sludge with fly ash (option 1), the test was aborted in emergency 

due to a high temperature of waste gas > 800 °C, which could have caused burnout of the grate and damage 

the sintering pan. This test revealed that the share of fuel (fly ash) in the mix is unnecessary. In option2, the 

tests were performed without fly ash in the sintering mix. In this version, the sintering process was stable, the 

flue gas temperature was within 360÷450 ˚C, and the sintering time was from 11’15’’÷14’50’’. It has been 

assumed that a large amount of the non-metallic fraction in the sludge will result in the formation of large 

amounts of slag in the electrical furnace, which may hinder the process of sinter melting in the metal bath. To 

avoid this problem, it was decided to prepare option 3, in which 5 %, 10 %, 20 % and 30 % of iron ore was 

added to the sintering mix. For all mixes, the sintering process proceeded in the same way as in option 
2.Altogether, from the deoiled grinding sludge, a batch of approx. 2500 kg of sinter was produced (Figure 3) 

with different content of iron ore. The chemical composition of the sinters produced is presented in Table 2, 

and an analysis of the waste gas from sintering in Table 3. 

Table 2 The chemical composition of the sinters made of Alnico grinding sludge 

Sinter composition 
Chemical composition (wt.%) 

C Mn Si P S Cr Ni Co Cu Al Fe 

with fly ash 

0 % of iron ore 
0.10 n.m. 1.26 n.m. n.m. 0 6.62 11.24 1.32 20.59 n.o 

with 5 % of iron ore 0.014 0.045 1.23 0.012 0.025 0.031 7.78 12.48 1.52 14.67 24.02 

with 10 % of iron ore 0.014 0.043 1.00 0.015 0.023 0.023 8.10 12.04 1.46 14.12 24.41 

with 20 % of iron ore 0.016 0.039 1.69 0.019 0.016 0.017 7.82 11.67 1.31 13.30 26.80 

with 30 % of iron ore 0.016 0.038 1.40 0.020 0.027 0.016 7.65 11.52 1.32 10.08 28.78 

 

Figure 3 Sample sinter from grinding sludge 
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The chemical analyses of the sinters present a very favourable level of the so-called undesirable elements  

in the magnet alloys, in particular C, S, P and Cr. The low and very low level of these elements obtained in the 

sintering process certainly made it possible to use the Al-Ni-Co sinters as a charge for an induction furnace, 

without having to use additional refining treatments. Minor loss of valuable elements such as: Co, Ni and Cu 

did not decrease the value of sludge processing with the method applied. 

Table 3 The chemical composition of the sinters made of Alnico grinding sludge 

Waste gas 
composition  

O2 

(wt.%) 

CO2 

(wt.%) 

CO 

(wt.%) 

NO 

(ppm) 

NO2  

(ppm) 

NOx  

(ppm) 

SO2 

(ppm) 

11.73÷12.09 0.97÷0.98 1.30÷1.48 14÷21 0 14÷21 68÷82 
 

2.4. STAGE 3 - Remelting the sinters in an induction furnace 

In the third stage, the sinter produced was melted down in an electrical induction furnace in order to obtain  

a full quality charge for the making of permanent Al -Ni-Co type magnets. The heats from the Al-Ni-Co sinters 

were made at a magnet manufacturer's facility in the induction furnace with the crucible capacity  

of 110 kg [8]. As part of the tests, two test melts were conducted with different content of sinters and iron ore 

in the charge. The first melt took place in a crucible with acidic refractory lining and the second one  

with alkaline refractory lining. The charge of the first melt was Armco iron and Al-Ni-Co sinters without  

any addition of iron ore. The second melt contained also a charge of Armco iron and sinter pieces with iron 

ore being added in increasing percentage amounts of the ore in the sinter: 5%, 10%, 20% and 30%.  

In the two melts, billets of Armco iron were melted in the first place, then after obtaining the assumed 

temperature, portions of Al-Ni-Co sinter pieces were loaded. Melt 1 made in a crucible with acidic refractory 

lining did not meet the expectations, in spite of the fact that the first portion of the Al-Ni-Co sinters  

was melted in the metal bath without problems. However, the increasing amount of dense and sticky slag on 

the surface of the metal bath caused difficulties in dispensing subsequent sinters and prolonged melting.  

The type of the lining and the final phase of the furnace campaign caused the need to interrupt the experiment 

due to the risk of damaging the crucible lining and of a metal leakage. The second test (melt 2)  

of remelting Al-Ni-Co sinters was prepared in a crucible with alkaline refractory lining, at the beginning of the 

induction furnace campaign. The sinters were melted in the same way as in the first melt, i.e. under the same 

temperature conditions of the metal bath and after melting the Armco iron. During melting subsequent sinter 

portions, no adverse impact of slag on the lining of the furnace or sudden reactions causing disturbance  

in the metal bath were noticed. After melting the last portion of the Al-Ni-Co sinters, and after reaching  

the discharge temperature in the metal bath, the metal was poured from the induction furnace into a ladle and 
casted into casting forms. Table 4 presents chemical analysis of the casts from test casting. 

Table 4 The chemical composition of the alloys with sinter 

Melt 
number 

Chemical composition (wt.%) 

C Mn Si P S Cr Ni Co Cu Al O 

I 0.010 0.008 0.25 0.014 0.020 0.016 4.55 7.05 1.12 0.016 - 

II 0.013 <0.01 <0.05 0.008 0.016 0.004 4.60 7.10 0.91 0.020 0.148 

2.5. STAGE 4 - Making magnets with the use of alloy from grinding sludge recycling 

In the final fourth stage, the obtained alloy from sinter melting was used as one of the components  
in the charge for the making of Alnico 400 type magnets (Table 5). The magnet manufacturer made 8 

experimental castings in an induction furnace. 
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Table 5 The chemical composition of Alnico 400 magnet [9] 

Chemical composition (wt.%) 

C Mn Si P S Ni Co Ti Cu Al Fe 

max 

0.03 

max 

0.05 

max 

0.15 

max 

0.03 

max 

0.1 

14.0 

15.0 

24.0 

25.0 

max 

0.3 

2.8 

3.5 

7.5 

8.5 
the rest 

The charge for the experimental castings was: circulating scrap, iron alloys, Armco iron, clean metals  

(Ni, Co, Al, Cu), and an alloy from grinding sludge recycling, whose share in the charge was from 10 % to 

20 %. The permanent magnets made from the experimental castings have met all the requirements of the 
standards binding for this class (Figure 4). 

 

Figure 4 The Alnico 400 magnets after removing from the moulding flasks 

3. CONCLUSIONS 

The new grinding sludge recycling method developed under the research made it possible to obtain  

a valuable material for re-use in the production of permanent magnets. The four-stage process of grinding 

sludge processing conducted on a laboratory and half-industrial scale demonstrated that it is possible  

to effectively remove oil from grinding sludge. Alternative tests of sintering deoiled grinding sludge revealed 

that carbon contained in sludge can serve the role of fuel in the sintering process. Undesirable components 

such as Mn, P, S are reduced below the value required for this type of alloys. The sintering process makes  

it possible to recover from sludge highly valuable elements, i.e. Co, Ni and Cu. To obtain a full quality charge 

for the making of permanent Al -Ni-Co type magnets, the sinters produced should be melted in steel-making 

processes. On the half-industrial scale, it is possible to process them further in an induction furnace,  

while on the industrial scale, it will be more beneficial to apply an arc furnace. 
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Abstract 

The problem of the furnace slag penetration into the ladle is inseparably connected with the process of steel 

furnaces tap holes closing and opening. We are talking about the so-called slag free tapping. Different closure 

designs are used just in connection with the so-called slag free tapping. All these devices practically try to 

minimize the penetration of furnace slag into the ladle during tapping. In practice, however, it is never a 

complete avoidance of the furnace slag penetration into the ladle. The design and layout of the tap holes vary 

according to the furnace type. For this reason, the conditions for opening and closing the tap holes (openings) 

are also changed, consequently the design of the device for the tap holes closing and opening differs. Various 

ways for closing and opening of metallurgical aggregates tapping holes are used in practice. There may be 

also some complications during the opening process. There are complications especially with the tap holes, 

into which a mixture of liquid slag and metal penetrates during the tapping and subsequently, this mixture 

solidifies. The paper presents selected designs of devices for closing and opening tap holes and examples of 

their use in practice. 

Keywords: Steelmaking, tap hole, slag free tapping, tapping process, slag detection 

1. INTRODUCTION 

The slag in steelmaking furnaces contains various chemical elements and also oxides which are chemically 

unstable. If they are in contact with the deoxidized steel they may penetrate back into the steel. This fact may 

be a problem in the production of certain steel grades. For example, such chemically unstable oxides contained 

in the furnace slag may in the end prevents or degrades performance of other refining processes and thus 

make steel production more expensive because we have to use more deoxidation and alloying additives. 

Variety of devices and procedures are used to prevent furnace slag penetration into the ladle. The aim of this 

article is to introduce selected types of stoppers and to show their advantages or disadvantages. 

2. STOPPERS DIVISION 

In principle, two procedures are used to reduce the presence of furnace slag in the ladle: 

1) Limiting the outlet of the furnace slag to the ladle during tapping from the primary furnace, then we are 

talking about so-called "slag-free tapping" 

2) Removal of furnace slag directly from the ladle, we are talking about so-called "slag removal" that may 

happen: a) by means of slag skimming either manually or with help of skimming machine, 

 b) by means of vacuum removal equipment, 

 c) in this context, we can also mention reladling technology, which is casting from one ladle  

 (contains furnace slag) to the second empty one.  

In general, stoppers of the metallurgical aggregates can be divided as follows: 

1) internal stoppers - of the so-called plug type, ball-shaped (free, suspended), cone-shaped (dart-

shaped) 

2) external stoppers - bott-type stopper (classic, gas), slide gate, siphon shape stopper, flap stopper. 
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3. INTERNAL STOPPERS  

Plug-type of internal stoppers are mainly used in oxygen converters (Basic Oxygen Furnaces). This type of 

stopper is transported by special mechanical device to the space above the tap hole when the end of tapping 

period is approaching.  

3.1. Ball-shaped stopper 

The most common type of inner stopper is a ball-shaped stopper or we can say also spherical stopper. The 

specific weight of the material from which the sphere is made is such that the sphere penetrates the slag layer 
and floats on the liquid metal surface (Figure 1). The average specific weight of the sphere is about 3.8 to  

6.5 g.cm-3. The sphere core may be made of ceramic or metallic material. In the case of a ceramic core, the 

cover is the metal envelope (cast iron - after conveying the sphere into the liquid bath it is wrapped in a furnace 

slag and therefore does not melt during tapping). In the case of a metal core, the cover is ceramic. Free sphere 

is centered by a vortex that forms above the tap hole. The vortex acts on the sphere until the tapping hole is 

closed - to the end of tapping period [1]. 

The disadvantage of the free spherical stopper is the fact that some of the furnace slag is entrained by the 

swirl above the tap hole and thus penetrates to the ladle. This unpleasant feature of the free spherical stopper 

may be restrict by the so-called hinged ball stopper that is hinged on the arm of the mechanical device 
throughout the tapping period (Figure 1).  

     
              A                             B              C 

Figure 1 Detail of the hinged spherical stopper  (A, B) [2] ; Free spherical stopper in oxygen converter (C) 

3.2. Cone-shaped stopper 

Another type of internal stopper is cone-shaped or dart stopper (Figure 2) which has the advantage over the 

spherical stopper that it prevents, to a greater extent, the formation of swirls in the area above the tap hole 

and thus also to entrain a part of the furnace slag into the ladle. In this view, it appears to be more 

advantageous than the sphere stopper. 

        

Figure 2 Detail of the dart stopper of the oxygen converter tap hole [3]  
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4. EXTERNAL STOPPERS 

4.1. Bott-type stopper 

Outer bott-type stoppers are used primarily for oxygen converters and electric furnaces. It is essentially a lever 

mechanism at one end of which is a stopper that closes the tap hole and at the other end is a stopper actuator 

actuating the movement of the plug itself. The plug itself, like the closure element, can be made in a 

conventional manner or as a plug with a gas inlet. This slag stopper system can be operated either in manual 

or automatic mode and will be able to reduce the slag content in the liquid steel to levels lower than 4 kg.t-1, 

which will result in reduced rephosphorization and resulfurization of the steel [4]. We could compare the classic 

design to a "plug" that is inserted into the tap hole from the outside. The force controlling the lever lock 
mechanism can be derived from the weight of the counterweight or the pneumatic cylinder (Figure 3). 

   

Figure 3 Scheme of the plug-type stopper principle and its detail on the oxygen converter tap hole [4]  

4.2. Slide gate stopper 

This type of closure can be used for oxygen converters (Figure 4), electric furnaces and open-hearth furnaces. 

This is a similar design as for sliding gates which are used in ladles. The drive is provided by a hydraulic 

cylinder connected to the hydraulic station. The slide gate is replaced as a whole (the whole cassette -  
Figure 4). Mounting on the base plate, which is a part of the furnace tap hole design can be solved for example 

by means of wedges. The slide gate exchange takes less than 15 Minutes [5]. Slide gate stopper can be closed 

at any time within a few tenths of a second without the need of tilting furnace back. Slide gate stopper lifetime 

is tens of melts (30 to 50 melts).  

            

Figure 4 View of the slide gate stopper prepared for instalation and scheme of its mounting on the oxygen 

converter tap hole [6]  

When the 100 t electric arc furnace is tapped and the 1.5 t of steel is left in the furnace, less than 200 kg of 

slag passes into the ladle. With the residue of 2 to 3 tons, practically no furnace slag will penetrate into the 

ladle. The main advantages of the slide gate stopper can be characterized as follows: 
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− removing of the open tapping channel and the resulting reduction in operating costs associated with 

the maintenance of channel, 

− due to the possibility of quick tap hole closing, the amount of solidified residue on the ladle collar is 

greatly reduced, this facilitates the perfect operation of further equipment for steel processing, 

− compact pouring stream to prevent thermal losses of liquid steel and penetration of gases from the 
environment, improving steel cleanness. 

4.3. Siphon-type stopper 

This is practically a kind of tapping hole extender (adapter) which was developed by Kawasaki steel. This 

extender is designed on the principle of a siphon closure (stopper). It is an investment-less facility functional 

principle of which ensures a relatively reliable separation of slag from metal. This type of stopper is very 

demanding for operational maintenance, this fact makes its operation expensive in comparison with other 

types of stoppers. 

4.4. Flap stopper 

Modern electric arc furnaces are designed with so-called eccentric bottom tapping. In this case, the furnace is 

equipped for example with a hydraulic cylinder for tilting the furnace, which allows the furnace to be tilted to 

the initial horizontal position in moment when furnace slag appears in tapping stream for the first time, thereby 

interrupting the tapping. Using an eccentric bottom tapping, the classic open tapping spout is replaced by a 

shorter tap hole made at the bottom of the furnace's hearth. The tap hole design is similar like in case of oxygen 

converters. To close this vertical tap hole, an external flap stoppers may be used. The use of this system has 

certain advantages: 

− increasing of area for placing water-cooled panels on the furnace shell (more than 90% of the side 

walls may be covered by these panels), 

− compact casting stream and thus less oxygen, hydrogen and nitrogen absorption in the ambient 
atmosphere of flowing steel and lower heat losses at tapping (saving up to 20kWh of heat per tonne 

of cast steel), 

− shorter tap time (up to 50%), 

− improved steel cleanness. 

 

Figure 5 Tap hole equipped by flap stopper  

5. SYSTEMS FOR EARLY FURNACE SLAG DETECTION 

As regards the penetration of furnace slag to the ladle, the different types of stoppers solve only the question 

of how to close the tap hole. It does not solve the question of when to close the tap hole. In order to be able to 
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answer the question "when" with maximum accuracy, it is necessary to equip the tap holes of metallurgical 

furnaces with equipment for the early indication of the furnace slag appearance. Such device may operate on 

the basis of an electromagnetic field induced by the transmitting coil and received by the receiving coil  
(Figure 6). This device is known under the abbreviation EMLI and it can operate in temperatures above 600oC 

without cooling [7].  

A transmitter sensor is supplied with a current of a selected frequency which creates an electromagnetic field 

that in turn induces a corresponding voltage of the same frequency in the receiver sensor. When a 100% steel 

flow exists between the transmitter and receiver there is an induced voltage (a) at the receiver. As soon as the 
flow becomes a steel/slag mix, the induced voltage immediately increases (b) - see in (Figure 6) [8]. This 

device eliminates a subjective human factor, and in combination with a suitable tapping stopper the results are 

better in comparison with those of the conventional tappings. This device allows to considerably reduce the 

furnace slag carry-over, for example, from the converter to the ladle, it means under three kilogram per one 

tonne of steel. 

 

Figure 6 The principle of EMLI system [8]  

Infrared detection system is another system for slag detection in the tapping stream that is used in practice. 

The system utilizing the infrared camera measures the intensity of this radiation coming from the hot surface 

of the casting stream of the liquid metal. The surface of liquid steel and liquid slag at the same temperature 

emit radiation of varying intensity, that is, these phases have different emissivity (radiance) that makes it 
possible to distinguish between the two phases (Figure 7 A). It has been shown that infrared wavelengths in 

the wavelength range of 8-12 μm are the most favorable range with respect to the optimal contrast between 
slag and steel and, moreover, this range of wavelengths is poorly absorbed by the surrounding (Figure 7 B).  

           
   A       B 

Figure 7 A - The principle of EMLI system [9], B - Liquid slag and steel emissivity  

The advantage of a system using the infrared radiation camera compared to the EMLI system is that it is 

installed outside the furnace and therefore there is no need to interfere with furnace design. The infrared 
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camera is located at a distance of about 15 to 30 meters from the flow of liquid steel from the furnace. Both 

investment and operating costs for this system are lower than the EMLI. The reason is an easier installation. 

Based on the above features of the infrared camera and EMLI system, the infrared camera is preferred for 

converters with larger capacity which work in longer campaigns (lining change is in longer intervals), while the 

EMLI system is recommended for electric arc furnaces and in cases where is a risk of swirling, for example, in 

furnaces equipped with EBT (Eccentric Bottom Tapping). 

6. CONCLUSION 

The article presents several technologies for limiting of furnace slag carryover to ladle. These technologies are 

different in principle. In practice, only those technologies that are suitable for operational and economic use 

are used. These technologies are implemented by the respective machinery, which is designed for given 

purpose and for given type of steelmaking furnace. The most widely used internal stoppers are ball-shaped 

stopper and dart stopper. Plug, flap and slide gate type of external stoppers are the most widely used. If we 

want to achieve the so-called "slag-free" tapping, then it is necessary to operate a appropriate type of stopper 

together with the suitable early slag detection system of furnace slag in molten steel tapping stream during 

tapping period. It can be said that by combining a suitable stopper and furnace slag detection system, the best 

results can be achieved, which correspond to the current steel quality requirements. 
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Abstract 

The metallurgical industry is a trade where large amounts of waste are generated, including mill scale and 

iron-bearing sludge, which in the reduction process can be a valuable raw material for the production of sponge 

iron. In this publication the energy balance for such a process has been prepared and it has been shown that 

the electrical energy flow necessary to carry out reduction of mill scale with a CO + H2 gas solution is 17.48% 

of the total energy stream supplied to the process. The highest value of the supplied energy stream is chemical 

energy brought with a reducing gas of approx. 71.65%. The largest energy losses occur in gaseous products 

of reduction and constitute 57.15% of the total energy flux of products. Raising the temperature of the reaction 

gas from 25°C to 300°C reduces the electricity consumption about 14%. The determined energy losses to the 

environment are strongly dependent on the final design of the reactor for the reduction of iron-bearing 

materials. 

Keywords: Reduction, iron-bearing waste materials, energy balance 

1. INTRODUCTION 

What proves to be decisive of the choice of waste management technology is not only economy, but also 

environmental protection aspects. Recyclable waste is distinguished by the considerable content of valuable 

components, which is comparable to their content in raw materials [1]. Even though material engineering has 

been developing very dynamically and further new structural materials are being designed, steel has not lost 

its leading position in terms of industrial production. Steel industry is among the sectors of the economy with 

the highest market share, as steel and cast steel account for more than 92% of total consumption of metals. 

This industry generates considerable volumes of waste (including iron-bearing waste), such as: blast furnace 

and steelmaking slag, mill scale, sintering dust, steelmaking dust from the process of dust removal from electric 

arc furnaces, dust produced in consequence of cleaning iron and steel casts as well as iron-bearing sludge  

[1-3]. Iron-bearing waste can be utilised as raw material for production of direct reduced iron (DRI), also 

referred to as sponge iron. Depending on its chemical composition, including the content of impurities and 

moisture, the options for using metallurgical waste as secondary raw material are diversified. More and more 

waste is regularly recycled all around the world, while further new waste utilisation technologies are being 

designed.  

This publication provides a discussion on the energy balance for a technology being currently developed and 

concerning mill scale reduction in carbon monoxide and hydrogen atmosphere in order to receive direct 

reduced iron (DRI). 

2. ENERGY BALANCE ASSUMPTIONS 

The energy balance assumed for the process of reduction of the iron oxides contained in mill scale in carbon 

monoxide and hydrogen atmosphere was developed with reference to service data of a laboratory-scale rotary 

furnace as well as experiments performed in the furnace. For the final product assumed, namely metallic iron, 

and its yield as well as the substrates introduced into the process, the energy balance components for the 
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furnace’s steady state were calculated based on the formula (1) and Figure 1 provides graphical 

representation of the energy balance in question. 

kz{1 + kz|I + kz}~ � kz{| + kz|� + Vz�� , (1) 

where:  

kz{1 - energy stream of mill scale (kW)  

kz|I - energy stream of reduction gas (kW)  

kz}~   - electric energy stream (kW)  

kz{| - energy stream of direct reduced iron (kW)  

kz|� - energy stream of gas following reduction (kW)  

Vz��   - heat released into the environment (kW)  

 

 

Figure 1 Energy balance for the iron-bearing waste material reduction process 

The stream of scale mass was assumed in the balance at oz {1= 33.3 P� ℎ�D. The  z|I stream of reduction gas 

was characterised by molar fractions of  ��� � 0.50  and ��& � 0.50 retrieved from the balance of substance 

and consistent with the process behaviour. The DRI stream value was oz {|= 27.4 P� ℎ�D, while the value of 

the  z|� gas stream following the scale mill reduction was characterised by the following molar fractions:  ��� �
0.47, ��& � 0.37, ���& � 0.09 , ��&� � 0.13 (balance of substance). Table 1 provides mass fractions of chemical 

compounds contained in the scale mill and direct reduced iron. 

Table 1 Mass fractions of chemical compounds contained in the scale mill and direct reduced iron 

Substrates 
 scale mill 

Chemical compound Mark  Mass (wt.%) 

Fe gFe 0.027 

Fe2O3 gFe2O3 0.279 

FeO gFeO 0.646 

MnO gMnO 0.012 

Al2O3 gAl2O3 0.004 

CaO gCaO 0.001 

SiO2 gSiO2 0.023 
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Table 1 Continue 

Substrates 
 scale mill 

Chemical compound Mark Mass (wt.%) 

C gC 0.002 

Cr gCr 0.001 

Cu gCu 0.005 

Products 
direct reduced iron 

Fe gFe 0.865 

FeO gFeO 0.077 

MnO gMnO 0.016 

Al2O3 gAl2O3 0.005 

CaO gCaO 0.001 

SiO2 gSiO2 0.029 

Cr gCr 0.001 

Cu gCu 0.006 

The temperature of the reduction process substrates (scale mill and reduction gas) came to Ts = 298.15 K and 

was assumed as the reference point for physical energy calculations. The temperature of both products (direct 
reduced iron and post-reduction gas) was Tp = 1273.15 K. The energy of substrates and products was 

calculated as a sum of chemical energy and physical energy. Specific chemical energy and specific physical 
energy as well as bulk mass of the balanced substances have been provided in Table 2 (substrates) and 

Table 3 (products) [4-8]. For all the reduction process substrates, the physical energy (at the temperature of 

298.15 K) equalled 0 kJ/mol. 

Table 2 Bulk mass, specific chemical energy and specific physical energy substrates [4-8] 

Substrates 
Chemical 

compound 

Bulk mass 
M 

Specific chemical 
energy  

��� 

Specific physical energy (298.15 
K) 
�� 

(kg/kmol) (MJ/kmol) (MJ/kmol) 

Scale mill  

Fe 55.847 412.12 0 

Fe2O3 159.692 0 0 

FeO 71.846 140.16 0 

MnO 70.937 134.81 0 

Al2O3 101.961 185.69 0 

CaO 56.080 178.44 0 

SiO2 60.085 0 0 

C 12.011 393.51 0 

Cr 51.996 569.86 0 

Cu 63.54 201.59 0 

Reduction gas 
CO 28.011 282.98 0 

H2 2.016 242.00 0 
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Table 3 Bulk mass, specific chemical energy and specific physical energy products [4-8] 

Products 
Chemical 

compound 

Bulk mass 

M 

Specific chemical 
energy  

��� 

Specific physical energy 
(1273.15 K) 

�� 

(kg/kmol) (MJ/kmol) (MJ/kmol) 

Direct reduced 
iron 

Fe 55.847 412.12 33.928 

FeO 71.846 140.16 54.922 

MnO 70.937 134.81 50.645 

Al2O3 101.961 185.69 115.470 

CaO 56.080 178.44 49.407 

SiO2 60.085 0 63.117 

Cr 51.996 569.86 29.113 

Cu 63.54 201.59 32.404 

Post-reduction 
gas 

CO2 44.009 0 48.498 

H2O 18.015 0 37.515 

CO 28.011 282.98 30.230 

H2 2.016 242.00 29.580 

3. ENERGY STREAM OF SCALE MILL AND REDUCTION GAS 

The data used to calculate the energy stream of scale mill were computational data consistent with the balance 
assumptions made with regard to mass stream, temperature and mass fractions (Table 1), as well as specific 

chemical and physical energy (Table 2). The scale mill energy stream is illustrated by the following equation 

(2): 

kz{1 � kz{1�} + kz{1�}&�) + kz{1�}� + kz{1��� + kz{1b~&�) + kz{1��� + kz{1���& + kz{1�
+ kz{1�I + kz{1��,   (2) 

where: 

kz{1�}  - energy stream of metallic iron (kW)  

kz{1�}&�) - energy stream of Fe2O3 (kW)    

kz{1�}�  - energy stream of FeO (kW) 

kz{1�}� - energy stream of FeO (kW)  

kz{1��� - energy stream of MnO (kW)  

kz{1b~&�) - energy stream of Al2O3 (kW)  

kz{1��� - energy stream of CaO (kW)  

kz{1���& - energy stream of SiO2 (kW) 

          kz {1�  - energy stream of carbon (kW) 

          kz{1�I- energy stream of chromium (kW)  

          kz{1��  - energy stream of copper (kW) 
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Once the mass stream, the mass fractions as well as the specific chemical and physical energy have all been 

taken into consideration, equation (2) assumes the following form:  

kz{1 � oz {1 �|��
���

C�c��} + �F�}G + |�����
������

C�c��}&�) + �F�}&�)G + |���
����

C�c��}� +
�F�}�G + |���

����
C�c���� + �F���G + |�����

������
C�c�b~&�) + �Fb~&�)G + |���

����
C�c���� +

�F���G + |����
�����

C�c����& + �F���&G + |�
��

C�c�� + �F�G + |�K
��K

C�c��I + �F�IG + |� 
�� 

C�c��� +
�F��G¡lkjkljkljkl 

(((3) 

As with the scale mill, so with the reduction gas stream calculation, computational data consistent with the 
relevant balance assumptions and the data provided in Tables 1-3 were used, while the energy stream in 

question was represented as the following relationship:  

kz|I � kz|I�& + kz|I��, (4) 

where:  

kz|I�&  - energy stream of hydrogen (kW)  

kz|I��  - energy stream of CO (kW)  

Following the substitution of the molar stream of substance, the relevant molar fractions as well as the specific 

chemical and physical energy, equation (4) took the following form: 

kz|I �  z|I¢��&C�c��& + �F�&G + ���C�c��� + �F��G£ (5) 

4. ENERGY STREAM OF DIRECT REDUCED IRON 

The energy stream of direct reduced iron in reduction products (reduced iron oxides) was determined 

analogically to that of scale mill and reduction gas, the outcome of which was the following equation (6): 

kz{| � kz{|�} +  kz{|�}� + kz{|��� + kz{|b~&�) + kz{|��� + kz{|���& + kz{|�I + kz{|��,                           (6) 

where:  

 kz{|�}  - energy stream of metallic iron (kW) 

 kz{|�}�  - energy stream of FeO (kW) 

 kz{|���   - energy stream of MnO (kW) 

 kz{|b~&�) - energy stream of Al2O3 (kW)  

 kz{|���  - energy stream of CaO (kW)  

 kz{|���&  - energy stream of SiO2 (kW) 

 kz{|�I  - energy stream of chromium (kW)  

 kz{|�� - energy stream of copper (kW) 

Once the mass stream, the mass fractions as well as the specific chemical and physical energy (at the 

temperature of 0� � 1,273.15 ¤) have been taken into consideration, equation (6) assumes the following form:  
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kz{| � oz {| ¥ ��}
��}

C�c��} + �F�}G + ��}�
��}�

C�c��}� + �F�}�G + ����
����

C�c���� + �F���G

+ �b~&�)
�b~&�)

C�c�b~&�) + �Fb~&�)G + ����
����

C�c���� + �F���G

+ ����&
����&

C�c����& + �F���&G + ��I
��I

C�c��I + �F�IG + ���
���

C�c��� + �F��G¦ 

(7) 

 

5. ENERGY STREAM OF POST-REDUCTION GAS AND HEAT LOSS INTO THE ENVIRONMENT 

For purposes of calculations of the post-reduction gas energy stream, computational data consistent with the 
balance assumptions and the data provided in Tables 1-3 were used. The above energy stream was 

expressed as the following relationship: 

kz|� � kz|��& + kz|��� + kz|��&� + kz|���&, (8) 

where:  

 kz|��& - energy stream of hydrogen (kW) 

 kz|���  - energy stream of CO (kW)  

 kz|��&�  - energy stream of steam (kW) 

 kz|��� - energy stream of CO2 (kW)  

Once the molar stream of substance, the molar fractions as well as the specific chemical and physical energy 

have all been substituted, the stream of energy of gaseous reduction products (equation 8) assumes the 

following form: 

kz|� �  z|�¢��&C�c��& + �F�&G + ���C�c��� + �F��G + ��&�C�c��&� + �F�&�G
+ ���&C�c���& + �F��&G£ 

(9) 

The energy losses into the environment were determined analogically to similar systems. For purposes of the 

relevant calculations, the mass loading of the reactor core surface was assumed to range between 65 and 105 

kg/m2, while the unit energy stream was assumed at (50 ÷ 75) x 103 W/m2. The low thermal loads of unit 

surface result from the low thermal conductivity coefficient for the mill scale, which ranges at 1.4 ÷ 2.1 W/(m x 

K) [6]. The outer reactor wall temperature was assumed to equal 40°C. The total energy stream losses into the 

environment came to 9.9% of the power applied in electric energy. 

What was also added to the energy losses into the environment was other energy losses resulting from the 

balance arrangements. The calculations of the heat losses into the environment are but approximate due to 

the preliminary nature of the relevant experiments as well as the general concept behind the reduction reactor 

design.  

6. RESULTS OF THE REDUCTION PROCESS ENERGY BALANCE 

Individual items of the rotary furnace energy balance for the assumed temperature of substrates of Ts = 298.15 

K, the temperature of products of Tp = 1,273.15 K and the mill scale mass stream of mz §¨= 33.3 kg/h have been 

collated in Tables 4 and 5. The impact of the process temperature changes on energy streams of individual 

products as well as on the electric energy consumed has been summarised in Table 6. 
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Table 4 Balance for substrates energy stream 

Substrates Mark 
Chemical energy 

stream 
Physical energy 

stream 
Total 

energy stream 
(kW) (kW) (kW) 

Scale mill kz{1 14.57 0 14.57 

Reduction gas kz|I 96.12 0 96.12 

Electric energy kz}~ xxx 23.46 

In total 134.15 

Table 5 Balance for products energy stream 

Products Mark 
Chemical energy 

stream 
Physical energy 

stream 
Total 

energy stream 
(kW) (kW) (kW) 

Direct reduced iron kz{| 50.21 4.95 55.16 

Post-reduction gas kz|� 64.08 12.59 76.67 

Heat loss Vz��  xxx 2.32 

In total 134.15 

Table 6 Dependence of products energy stream, electric energy and losses to the environment of process  

            temperature for oz {1= 33.3 P� ℎ�D 

Products Mark 
Energy stream for 

Tp = 950 0C 

Energy stream 
for 

Tp = 1000 0C 

Energy stream for 
Tp = 1050 0C 

(kW) (kW) (kW) 

Direct reduced iron kz{| 54.85 55.16 55.47 

Post-reduction gas kz|� 75.96 76.67 77.38 

Heat loss Vz��  2.21 2.32 2.44 

Electric energy kz}~ 22.33 23.46 24.59 

7. CONCLUSIONS 

• The electric energy stream required to run the process corresponds to 17.48% of the total stream of 

energy fed into the process, while the highest share in the supplied energy stream is attributable to the 

chemical energy transferred along with the reduction gas, and it comes to ca. 71.65%. 

• The highest energy losses are those of the gaseous reduction products, and they correspond to 57.15% 

of the total stream of energy of products. They are mainly attributable to the stream of chemical enthalpy 

(H2 and CO), being five times higher than the stream of physical enthalpy of gas.  

• For the sake of energy loss reduction (see conclusion no. 2), it is proposed that the relevant processes 

should be combined and that post-reaction gases are utilised. An optional solution is also to use a 

recuperator to pre-heat the reduction gas. It poses more serious technical problems, but in return, in 

reduces the losses resulting from the operation time mismatch of the combined systems. 

• Raising reaction gas temperature from 25°C to 300°C reduces electric energy consumption by 14%. 

• The identified energy losses into the environment are heavily dependent on the final design of the 

reactor to be used for reduction of iron-bearing materials (iron oxides). 
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Abstract 

Based on the equilibrium model with two isothermal reactors, the influence of CaO and MgO oxides on the 

ferrosilicon process in the submerged arc furnace was determined. The influence of addition of CaO and MgO 

oxides in the feed mixture on the SiC carbide phase formation, the contents of Ca and Mg elements in the 

chemical composition of the FeSi alloy as well as the efficiency of the carbothermal reduction process have 

been determined. 

Keywords: Ferrosilicon process, equilibrium model, Gibbs Minimization Method, submerged arc furnace 

1. INTRODUCTION 

Ferrosilicon smelting in submerged arc furnaces is one of the most energy-consuming electrothermal 

processes [1,2]. Electrodes, immersed in the charge material, are ones of the most important structural 

components of the submerged arc furnace. They ensure a supply of the electric energy that is necessary for 

the process; moreover, the reaction zones are formed around the electrodes. The internal structure of the 

furnace and temperature distribution in the reaction zones have a close relationship with the proportions of the 

heat generated in the furnace by resistive heating and by arc heating. Technical and economic indicators of 

the ferrosilicon process are markedly affected by properties of raw materials, the composition of the batch mix  

and proper carbon balance in the furnace. Although the furnaces are equipped with modern computer systems 

for recording and visualization of measurement data, metallurgical parameters of the process are not directly 

measured. These assessments are still based to a large extent on intuition and experience of the operating 

staff of the furnaces and have a qualitative and subjective nature. Due to this, the working space inside the 

ferrosilicon furnace and reaction zones cannot be considered as the structure unchanging over time. 

Depending on a number of technological factors, SiC walls thickness of the gas chambers might increase or 

decrease, or may even completely disappear. One of the common reasons for disturbances in the ferrosilicon 

process is an accumulation of SiC carbide in the working space of ferrosilicon furnace, which is manifested by 

difficulties in the course of metal tapping. It is related both to excessive amounts of Cfix in the charge mixture 

and to inappropriate temperature conditions in the reaction zones. They lead to technological problems of 

metal tapping, including blocking the tap hole by thick slag and slow flow of metal from the furnace. Ferrosilicon 

smelting in the submerged arc furnaces is considered to be a slag-free process although small amounts of 

slag are always seen during the metal tapping. This is associated with the quality of raw materials and the 

presence of small amounts of Al2O3, CaO, MgO and TiO2 oxides in the charge materials. Increased amounts 

of Al2O3 and deficiency of SiO2, CaO, MgO oxides in the chemical composition of slag makes it dense and 

causes the process disturbances because of tapping problems. Therefore, some ferrosilicon manufacturers 

use limestone addition to the charge mixture (10 - 30 kg / 1000 kg of quartzite) [3], which results in more liquid 

slag, tapping improvement and better technical and economic indicators of the ferrosilicon smelting process. 

This particularly refers to processes where the main reducer is charcoal with small amounts of ash [3]. In 

processes with hard coal being applied as a main reducer, limestone additions are used only occasionally. 

This is related with higher amounts of ash in the hard coal with which the CaO, MgO and other oxide impurities 

are introduced into the ferrosilicon process.  
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2. EFFECTS OF PARAMETERS ON EFFICIENCY OF SILICA REDUCTION 

Based on the recursive equilibrium model of the ferrosilicon smelting process with two closed isothermal 

reactors [4], a series of simulation calculations were performed to determine influence of CaO and MgO oxides 

on the ferrosilicon process in the submerged arc furnace. It is assumed that these oxides are applied in the 

process through the addition of CaCO3 and MgCO3 to the charge mixture. In industry, the CaO and MgO 

compounds are mainly applied in the process with the ash of coal reducers and with quartzite, similarly to other 

contaminants seen in the ferrosilicon smelting process: Al2O3, P2O5, TiO2. As needed, CaCO3 and MgCO3 can 

be applied through the addition of limestone or raw dolomite with a regular batch mix. It is worth mentioning 

that contrary to limestone, additions of raw dolomite to the charge material for the ferrosilicon smelting are 

rather not used. In the equilibrium calculations for the Fe-Si-O-C-Al-Ca-Mg-Ti system, the non-stoichiometric 

Gibbs free enthalpy minimization algorithm (FEM) was used [5]. For the calculations, the HSC 7.1 software 

was applied, enabling the use of a thermochemical database and solution of FEM problems directly in the 

Excel spreadsheet [6]. In the equilibrium model of carbothermic silica reduction process, with two closed 

isothermal reactors, the basic parameters are 0D, 0& temperatures of the upper and lower reactors as well as 

the reaction mixture composition where the basic parameter is the C/SiO& molar ratio (Table 1) [4]. In addition, 

the calculation considers the effect of the CaCO3 and MgCO3 contribution in the reaction mixture on the 

ferrosilicon process. For the calculations, the following temperature ranges were taken into consideration:  0D: 

1630 � 1650 ℃, 0&: 1920 � 2010 ℃. Table 1 contains data on reaction mixture components. In Figure 1, 

examples of calculation results, obtained with the use of the physicochemical model for two various charge 

mixtures with different fractions of CaCO3 and MgCO3 in the reaction mixture, are presented schematically. 
The other process parameters are the same: the pressure P = 0.1 MPa, the temperatures of the upper and 

lower reactors T1, T2 as well as the molar ratio C/SiO2 = 1.96 and fractions of the other parameters of the 

reaction mixture composition (Table 1).    

Table 1  Molar composition of the equilibrium model for the ferrosilicon smelting process in the Fe-Si-O-C 

  Al-Ca-Mg-Ti system 

Component (kg/kmol) (kmol) 

Al2O3 101.96 0.0005 

Al2O3*SiO2(A) 162.05 0.01 

CaCO3 100.09 0.001 - 0.015 

CaO 56.08 0.0001 

FeO*SiO2 131.93 0.01 

MgO 40.3 0.001 

MgCO3 84.31 0.001 - 0.015 

SiO2 60.08 0.98 

TiO2 79.9 0.0006 

Fe 55.85 0.13 

C 12.01 1.92 - 2.00 

Despite the same T1, T2 temperatures and the C/SiO2 molar ratio and fraction of other components in the 

reaction mixture, the results presented in Figure 1 shows that different fractions of CaCO3 and MgCO3 in the 

reaction mixture affect the fraction of SiC phase in the products that leave the Reactor 2 and efficiency of the 
silica reduction process (Si yield, energy consumption index E). The presence of CaCO3 and MgCO3 in the 

reaction mixture, in the amounts of approximately 0.006 mole/mole SiO2 (respectively 19.6 and 14.0 kg/Mg of 

the alloy) results in considerable reduction of the SiC phase fraction in the products that leave the Reactor 2 
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and improvement of the technical and economic indicators of the process (Figure 1, on the left). In addition to 

the unfavorable effect on the Si yield, the SiC phase in the products that leave the Reactor 2 is a frequent 

reason disturbance of the ferrosilicon process under industrial conditions. This is related to technological 

difficulties with the metal tapping and accumulation of infusible SiC in the furnace working space. This leads 

to gradual worsening of the process temperature conditions and unfavorably affects SiO condensation in the 

upper zones of the furnace. It is related to electrical conductivity and the effects of SiC on electric and 

temperature field distributions inside the furnace. Based on the equilibrium model, relationships related to the 

effects of the CaCO3 and MgCO3 fractions in the reaction mixture on the SiC phase fraction in the products 
that leave the Reactor 2 and the energy consumption index were determined. (Figure 2). They show that 

CaCO3 has a favorable effect only within a small range (0.0055 - 0.0065 mol/mol SiO2) having regard to 

reduction of the carbide SiC phase fraction in the products that leave the Reactor 2. This corresponds to the 

fraction of CaCO3 in the charge mixture at the level of approximately 10 kg / 1000 kg SiO2 and about 

19.6 kg/Mg of the alloy.   

  

Figure 1  Examples of calculation results, obtained with the use of equilibrium model with two isothermal 

zones, for the FeSi75 ferrosilicon smelting following 25 cycles of the reactor operation. Basic components 

of the Fe-Si-O-C-Al-Ca-Mg-Ti system for two reaction mixtures with different CaCO3 and MgCO3 fractions 

(the main process parameters: 0D � 1630 ℃, 0&02 �1950 ℃, P � 0.1 �9©, C/SiO2 = 1.96 mol/mol) 

It should be mentioned that neither higher nor lower CaCO3 mole fractions than amounts within the above 

range have not a favorable effect on the metallurgical conditions of the process. In contrast to CaCO3, an 
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increasing fraction of MgCO3 in the reaction mixture affects the reduction of SiC phase fraction in the products 

that leave Reactor 2 and improvement of the silica reduction process within almost entire investigated a range 
of 0.001 - 0.01 mole / mole SiO2 (Figure 2). In Polish ferroalloy industry, the basic reducer in the ferrosilicon 

smelting process is the hard coal that introduces certain amounts of CaO and MgO with the ash to the process. 

Due to this, limestone addition to the charge material is not usually applied in the industrial practices. This type 

of addition is used only occasionally during the production of ferrosilicon with increased amounts of Ca in the 

alloy at a special order or in exceptional cases when big technological problems related to excessive amounts 

of SiC in the furnace are observed. A different situation is seen when the basic reducer in the ferrosilicon 

smelting process is charcoal. The amount of ash in charcoal is very small; therefore, the levels of CaO and 

MgO oxides in the process are low. Due to this, limestone additions of approximately 10 - 20 kg/Mg of the alloy 

(FeSi75) are applied in the charge material by some  

 

 

Figure 2 Effects of CaCO3 and MgCO3 fractions in the reaction mixture on the energy consumption 

index (upper graph) and of the SiC fraction in the products that leave the reactor (bottom graph). 

Process parameters: 0D � 1630 ℃, 0&0& � 1950℃, 9 � 0.1 �9©, C/SiO2 = 1.96 (the other details of the 

reaction mixture composition, see Table 1) 
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ferrosilicon manufacturers that use charcoal as the reducer to limit SiC formation and improve the stability of 
the metallurgical conditions [3]. Table 2 presents data on technical and economic indicators of raw material 

consumption and simplified material balance for the FeSi75 smelting process in the 20 MVA furnace where 
the basic reducer is hard coal. The Table 2 data show that CaO and MgO are applied in the process mainly 

with reducer ashes but their amounts are not sufficient and not within the optimal range based on calculations 
on the physicochemical model (Figure 2). To improve the metallurgical conditions of the ferrosilicon process, 

with reduction of SiC phase release in particular, as well as to improve technological conditions of metal 

tapping, small additions of CaO and MgO as raw dolomite [7] (~30 % CaO, ~20 % MgO) to the batch mix are 
suggested to be applied. The Table 2 data show that the amounts of CaO and MgO to be applied in the 

process together with the charge material should be increased by about 100 % so that the ratio of CaO and 

MgO molar fractions was 0.0055 - 0.0065, respectively. This corresponds to the raw dolomite addition of 

approximately 10 kg / 1000 kg of quartzite to the charge mixture.       

Table 2 Technical and economic indicators of raw material consumption and simplified materia balance facts  

   for the process of FeSi75 smelting in the 20 MVA furnace 

 

Raw material 
Index Chemical composition (wt %) 

(kg/Mg) Wt
r Ar Vr Cfix SiO2 Al2O3 Fe2O3 CaO MgO TiO2 P2O5 

Quartzite I 707,32     97,87 1,40 0,26 0,03 0,02 0,08  

Quartzite II 1,061,09     98,81 0,80 0,29 0,02 0,02 0,07  

Wood chips 422,04 46,00 1,03 41,00 11,97 15,20 2,65 3,80 32,50 8,60 0,26 17,69 

Coal I 696,71 2,87 3,69 31,63 61,81 33,40 22,30 14,60 8,03 4,77 0,88 0,49 

Coal II 353,67 7,09 5,94 33,47 53,50 26,70 18,6 21,30 6,50 8,60 0,80 1,10 

Electrode paste 38,13 0 5 10 85,00 34,59 24,37 15,24 7,12 4,77 1,26 0,75 

Scale 268,76 2,4    0,4  97,2     

Steel bars(1) 22,00            

Steel electrode 
jackets  

2,76            

Energy, 
MWh/Mg 

8,07         

Total mass of oxides  
(kg/Mg) 

 

1756,27 28,27 328,52 5,42 3,76 1,78 1,14 

Total mass of oxides 
(kg/Mg) SiO2 

1000,00 16,29 187,05 3,09 2,14 1,01 0,65 

Total mass of oxides, 
mol/mol SiO2 

1 0,0082 0,0704 0,0033 0,0032 0,0008  

Produkt (kg/Mg) 

 

Chemical composition of metal (wt%) 

Si  Al Fe,  Ca, Mg Ti, P, 

Metal, FeSi75 1,000,00 75,02 1,49 22,83 0,36 0,11 0,10 0,03 

Yield of 
elements 

(%) 91,39 98,32 99,36 92,88 49,82 97,08 58,42 

(1) - steel bars for the tap holes burn down by an electric arc, 

     -  FeO (wt %). 

3. CONCLUSIONS 

1) Based on the equilibrium model with two isothermal reactors, effects of CaCO3 and MgCO3 additions to 

the reaction mixture on the SiC phase fraction in the products of ferrosilicon smelting process and 

efficiency of the silica reduction process were determined. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

162 

2) The model shows that within a small range, the CaCO3 fraction has a favorable effect on the ferrosilicon 

smelting process (0.0055-0.0065 mol/mol SiO2). This corresponds to the CaCO3 fraction of 

approximately 10 kg / 1000 kg SiO2. The addition of CaCO3  results in reduction of the SiC phase fraction 

in the products that leave the process and improvement of its technical and economic indicators.   

3) The fraction of MgCO3 in the reaction mixture results in reduction of SiC phase and improvement of the 

silica reduction process efficiency within almost entire investigated range of 0.001-0.01 mol/mol SiO2. 

The SiC phase fraction reduction increases with higher fractions of MgCO3 in the reaction mixture. 

4) The model shows that in Polish ferroalloy industry, amounts of CaO and MgO applied in the process 

with coal reducers are not sufficient compared to the optimal amounts determined with using the model.  

Addition of raw dolomite to the batch mix in the amount of 10 kg/Mg of quartzite is suggested so as to 

improve deficiency of the above oxides and improve the metallurgical conditions of the ferrosilicon 

process.  
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Abstract  

Introduction of argon to the bath is a commonly used secondary metallurgy treatment. The most economical 

technique of secondary metallurgy is the ladle process at the ladle furnace station. The introduction of inert 

gas (argon) into the metal bath takes place using purging plugs placed in the bottom of the ladle. Such argon 

blowing process through the metal bath via a purging plugs proceeds with the intensity necessary to cause the 

circulation of liquid steel. This movement is necessary to homogenize the temperature and to achieve a state 

of near chemical homogenization of the liquid steel after introduction of the alloy addition. Another positive 

effect of gas injection is the adhesion of non-metallic inclusions to the bubbles or their capture by bubbles and 

removal from the metal bath to the slag. 

The work presents the research carried out using the water ladle model in which there is a possibility of 

simultaneous blowing the bath through one, two or three purging plugs installed in the bottom and additional 

lance support from the top. Different configurations of bath gas introduction (through one or two plugs) were 

analyzed using different flow rate of gas. As a result of the research, visualization of the mixing process of the 

alloy additive and mixing curves at different process parameters were obtained. These results allowed to 

analyze the mixing process of the alloy additive. 

Keywords: Secondary metallurgy, steel, ladle, physical modelling 

1. INTRODUCTION 

The modern metallurgy uses mixing of metal bath in almost all stages of liquid metal production. For this 

purpose various metallurgical aggregates are used. During the smelting of steel in the oxygen converter, steel 

is mixed with oxygen introduced through the lance or additional plugs. Additionally, the metal movement is 

often supported by inert gas blown by purging nozzle in the bottom of the converter. The new electric furnaces 

contain purging plug and oxygen lances. However, the mixing of baths is most widely carried out at secondary 

treatment stations. At this stage of steel production, new techniques for motion the liquid steel were developed, 

both at atmospheric pressure and in vacuum. The simplest and most economical technique of secondary 

treatment of steel is the ladle process, carried out in the ladle furnace (LF) [1,2]. 

The intended mixing targets are achieved when blowing chemically or neutral active gas. Their presence and 

movement in the bath forces a more or less intense movement of liquid metal. The blowing of argon into the 

metal bath through the purging plug proceeds with the intensity necessary to cause a turbulent flow able to 

create the circulation of liquid steel. This movement, in turn, is necessary to homogenize the temperature and 

to achieve the state similar to chemical homogenization of the liquid steel after the introduction of the alloy 

addition and to support the flotation of inclusions and non-metallic precipitates [2-4]. 

The presence and movement of gas bubbles in the steel supports the movement of media to the places where 

the desired chemical reactions take place. The low proportion of the gas phase ensures bubble flow, in which 

the gas occurs in the form of small, single bubbles, whose velocity of rising up depends on their size and does 

not depend on the diameter of the tank. The increase in gas proportion causes the generation of more amount 

of bubbles, which as a result of collisions and coalescence take the form of a spherical bowl. Therefore, the 
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intensity and configuration of argon injection is an important technological parameter that can result in a 

significant reduction in production costs while maintaining identical or higher quality parameters [4-5]. 

Identification and description of phenomena occurring in liquid metals, which is associated with the selection 

of appropriate process parameters, often in the conditions of their turbulent flows, creates a number of 

problems, because they are nontransparent phases. In this case, the use of numerical simulation methods in 

commercial research applying commercial programs as well as building physical models of devices are 

nowadays a modern research tool for metallurgical processes involving liquid metallic phases [6-11]. 

The work presents the research carried out using the water ladle model in which there is possibility of 

simultaneous blowing the bath using one, two or three purging nozzles installed in the bottom and additional 

support with the lance from the top. These studies are a continuation of the research presented in publications 

[12-13]. 

2. OBJECT OF THE RESEARCH STUDY AND RESEARCH METHODOLOGY 

The studied object is a steel ladle with a capacity of 50 t liquid steel. Due to the characteristic dimensions of 
the real object for the ladle model (Table 1), a decreasing linear scale SL = 1: 5 = 0.2 was assumed. The model 

is built in accordance with the requirements of the theory of kinematic and dynamic similarity, it also fulfills the 

condition of geometrical similarity [14]. There is the possibility of simultaneous blowing the bath through one 

or two purging plugs installed in the bottom and additional lance support from the top. 

Table 1 Scheme and design parameters of the physical model ladle 

Scheme Design parameters View of the test model 

 

 

Parameter Symbol Unit Value 

Volume (to the 
liquid steel level) V (m3) 0.057 

Diameter A 

(m) 

0.511 

A1 0.386 

Height h 0.66 

Height (to the 
liquid steel level) hl 0.44 

Purging plug 
diameter  K 0.023 

Purging plug 
position  

LK1 0.094 

LK2 0.096 
 

 

The research was carried out using a physical water model of the ladle (Table 1). The test stand is equipped 

with a precise gas flow regulation system and a device for precise addition of the tracer. In visualization 

(qualitative) studies, the tracer was an aqueous solution of KMnO4. Whereas, in quantitative experiments 

involving the determination of mixing characteristics, KMnO4 was replaced with aqueous NaCl solution. The 

identical precise amount of tracer was introduced into the ladle model for each variant of the experiment. The 

image of flows was recorded in two planes - central and lateral. This arrangement of the cameras allowed 

uninterrupted observation of the model liquid circulation. In the described model, signals constituting the basis 

for plotting the mixing curves are generated by conductometers of G Instruments type GCT20K [15], which are 

installed at selected points of the model workspace. The voltage generated in half-second intervals by the 
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conductometers is the equivalent of changes in the tracer concentration in water. The recorded signals from 

the measurement sensors (conductometers) are further developed to plot the mixing curves. 

According to the assumptions of the research plan, the appropriate conversion of the gas flow (argon) from 

real conditions to model conditions was made. What is more according to the guidelines, the calculation of 

dynamic similarity condition of gas flow in the model to the real condition was done based on the modified 

Froude`s criterion [12-13]. 

Table 2 presents the designations of plugs installed in the bottom of the model and the place of introduction 

of the tracer. The "A" shaped element is the main plug, a tracer (alloy additions in the industrial conditions) is 
placed centrally over it, while the "B" shaped body is a plug that supports the mixing process. Table 2 shows 

the determined particular variants of experiments (parameters of the bath blowing process) depending on the 

configuration of the method of gas stream introduction to the ladle model. 

Table 2 The assumed blowing process parameters of bath stirring under industrial conditions and their values  

 computed for testing conditions on water model and designation of purging plugs (physical model) 

Designation of purging plugs (physical model) Experiment variants  

 

 

Experiment  
variant 

Method 
for gas 

introducing 
/ 

purging 
plug 

Industry 
scale 
1:1 

Model 
scale 
1:5 

The intensity of 
gas 

(m3⋅h-1) (l⋅min-1) 

P1 
A 10.8 1.2 

B - - 

P2 
A 9.72 1.1 

B 1.08 0.12 

P3 
A 8.64 0.96 

B 2.16 0.24 

P4 
A 7.56 0.84 

B 3.24 0.36 

P5 
 6.48 0.72 

 4.32 0.48 

P6 
A 5.4 0.6 

B 5.4 0.6 
 

3. RESEARCH RESULTS 

3.1. Visualization 

The research was conducted in series, recording their course using high resolution cameras. Film sequences 

were created from the recorded film material containing the appropriate amount of information. Then, the 

sequences were divided into individual frames, from which a series of frames with the same time parameters 
was selected for individual variants of the experiment. Figure 1 presents exemplary results of visualization 

tests of the mixing (distribution) process of the tracer in the working space of the ladle model for individual 

variants of the experiment. 

During the visualization research, the different character of the mixing of the model liquid in the model of the 

steel ladle was found, depending on the division of the stream of gas blown into individual purging plugs. In 
the P1 variant, a strong rinsing of the wall of the ladle model by the injected gas was observed. The picture 
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shows the "push" of the tracer towards the ladle axis. This phenomenon should be considered unfavorable, 

causing excessive wear of the refractory lining in this zone and the risk of secondary contamination of steel by 

endogenous inclusions. With the reduction of the gas stream on the A plug the limitation of this unfavorable 

phenomenon takes place. 

 

Figure 1 Exemplary results of visualization 

The way of creation of the circulating zones of a model liquid in the volume of the ladle model should in principle 

be considered as correct in each variant. The process of homogenizing the model liquid in the volume of the 

steel ladle model is most efficiently carried out in variants P3 and P4 of the experiment. Along with the 

equalization of gas flow in purging plugs, the course of this process is disturbed. This fact should be explained 

by the decrease in the energy of gas flow currents, caused by their interaction with each other. 

3.2. Mixing curves 

Figure 2 shows the example of a characteristic (variant P3) showing changes in dimensionless tracer 

concentration during argon injection to the metal bath.  

Obviously there is a different bath mixing efficiency for the considered variants of the experiment, since 
different tracer distribution is observed in Figure 1. In addition, the spatial distribution of the tracer 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

167 

concentration and the mixing curves (see Figure 2) reveal two important features. The tracer migrates in the 

bath mainly under the influence of forced convection observed as a circulating movement of the liquid. 

 

Figure 2 Exemplary changes of dimensionless concentration of the tracer - variant P3 

Dimensionless concentration of tracer can be defined as: 

( ) ( )
00

CCCCC
tb

−−= ∞             (1) 

where: Ct -   tracer concentration at time t, (µS⋅cm-1), 

 C0 - tracer concentration at the beginning of the measurement, (µS⋅cm-1), 

 C∞ - tracer concentration at the end of the measurement, (µS⋅cm-1). 

When the point place of monitoring the tracer concentration changes is applied, the fact it should be taken into 

account that the concentration of the tracer at this point does not reflect its concentration outside the sampling 

site. 

 

Figure 3 The forecasted tracer mixing time for the analyzed variants 
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The obtained data also show that the determined mixing time depends on the location of the monitoring site 

(in the zone of so-called stagnation flows or the dead zone it is much longer). Therefore, it was assumed that 
the longest one should be taken as the total mixing time. Figure 3 presents the summary of the mixing time 

data depending on the gas flow rate and the configuration of its introduction (for variants of the experiment). 

4. CONCLUSION 

Analysis of the presented results of research carried out on water model allows to state: 

- Mixing the tracer (alloy additive) depends on the method (proportion) of the separation of the introduced 

gas stream into individual plugs. 

- Measured mixing times depend on the monitoring site as well as the gas introduction method (chemical 

homogenization time of the metal bath is spatially determined by the characteristics of the ladle).  

- The reduction of the gas stream (separation into two plugs) results in a larger number of bubbles with 

smaller diameters, which favors the favorable course of the argon blowing process. 

- At high gas flow rate (especially variant P1) an adverse effect of the gas column on the side wall of the 

ladle is noted (the flow distorts the gas column towards this wall increasing the resistance force on the 

wall). This may cause hydrodynamic erosion of the ladle refractory lining, and consequently promote 

the formation of endogenous non-metallic inclusions. 

- When using one plug (variant P1) during the process of blowing steel with inert gas, the purging plug 

should be moved by approx. 10% in the direction of the ladle axis. However, when using two plugs, the 

best solution is variant P3 or P4. 
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Abstract 

In this paper, the dependencies of density (ρ), surface tension (σ), and average wetting angles on temperature 

were investigated at three Fe - C - Cr model alloys where chromium content ranged from 0.92 to 4.76 wt%. All 

measurements were performed by sessile drop technique in a resistance furnace at temperatures from melting 

point up to 1600 °C. The effect of chromium, oxygen, and sulfur on the values of the abovementioned quantities 
was found. The temperature coefficient of surface tension dσ/dT was positive for all liquid metal samples due 

to the influence of surface active elements. The surface tension and average wetting angles raised with 

increasing chromium content. All obtained data were statistically evaluated with a satisfactory result. 

Keywords: Surface properties, Fe - C - Cr model alloys, chromium, alumina, sessile drop method 

1. INTRODUCTION 

Knowledge of the surface tension and other surface properties of metal melts is widely demanded in many 
application fields, e.g. in the continuous casting process, welding, solidification, and in many others [1,2]. 
Experimental determination of given quantities is very difficult, time-consuming, costly, and brings practical 
difficulties that make their progress more challenging. Mainly, methodological differences in experimental 
procedures at the determination of surface tension and the characterization of phase interface of a molten 
metal/solid ceramics systems via wettability are a major source of discrepancy between different laboratories 
and research groups [3]. Although there are theoretical (thermodynamic) and empirical models for calculation 
of surface tension of metal melts, but not all can be applied to multi-component systems in a broad 
concentration range [4,5,6]. Therefore, experimental data of these systems are highly valued. 

As already indicated, the measurements of surface properties, in particular by one of the contact methods, 

strongly depend on the conditions of the experiments. The physical characteristics of the substrate surface 

(roughness, cracking, microcavities etc.) can change wetting behaviours considerably [3]. Surface 

contamination of metal samples which strongly influences the value of surface tension should be minimized 

by adjusting specimens before the experiment. The samples can be pretreated by degreasing with solvents, 

chemical etching, polishing, heating and drying. Nonetheless, even the pretreatment itself can change surface 

properties significantly, e.g. treating stainless steel foils in an oxygen plasma enrich the surface by iron and 

chromium oxides [7]. 

The surface tension is notably affected by the chemical composition of investigated samples. Surface active 

elements such as oxygen and sulphur, among others, are of interest of the processing of liquid steels because 

they occupy the surface sites, thus markedly change surface tension [6]. In contrast, chromium has only a 

slight effect on surface tension particularly at systems where oxygen is not present. For binary Fe - Cr systems, 

the surface tension decreases slightly with increasing chromium content [8]. The dependence of surface 
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tension on chromium content (up to 1 wt% Cr) in Fe - Cr - O systems was investigated by Tret’yakova et al. 

They have stated, that minimum surface tension occurs when the melt is the most microheterogeneous. The 

presence of chromium increased the surface tension due to its ability to penetrate between the clusters which 

made the melt more uniform [9]. Furthermore, the chromium possesses a strong affinity to oxygen thus 

facilitating its adsorption. At higher concentrations (above 10 wt%), it lowers the surface tension of Fe - Cr - O 

systems [10]. On the basis of experimental works of the number of authors, it cannot be stated, whether the 

influence of chromium on the surface tension of iron-based alloys is positive or negative. It depends on the 

presence of other surface-active elements, especially oxygen. 

This paper deals with the measurements of quantities such as surface tension, wetting angles and density at 

three Fe - C - Cr model alloys where chromium content ranged from 0.92 to 4.76 wt%. The dependencies of 

these quantities on temperature were investigated by the sessile drop method when the model alloys were in 

contact with the alumina substrate. 

2. EXPERIMENTAL RESEARCH 

2.1. Preparation of the samples  

The surface properties were investigated on three model iron-based alloy samples that differed mainly in 
chromium content (Table 1). 

Table 1 Chemical composition of investigated alloys before experimental trials (wt%) 

Sample Cr C O S Mn W Co 

1 0.9242 0.3437 0.0021 0.0675 0.056 - 0.013 

2 2.9700 0.3416 0.0195 0.0522 0.050 0.024 0.020 

3 4.7600 0.3401 0.0015 0.0062 0.042 0.044 0.010 

The other elements (Ni, Si, Ti, Mo, P, Al, Cu and Zr) were present in an amount below 0.005 wt%. The rest 

was represented by iron. Each sample weighed about 0.75 g and was cylindrical in shape (height 5 mm, 

diameter 5 mm). Prior to the experiment, the sample was mechanically polished and then purged in acetone 

(analytical grade). 

2.2. Measurement of surface properties 

The determination of the surface properties was made by the sessile drop method. The observation of (sessile) 

drop resting on a horizontal plate of high purity alumina (99.8 %) with dimensions (37.3 x 44.7 x 2.0 mm) was 
carried out in resistance furnace Clasic. Alumina plates were annealed at 1150 °C for 5 hours and then purified 

in acetone before the experiment. The shape of the metal drop was recorded by the camera CANON EOS 
550D during heating from temperature 1450 °C to 1600 °C in the observation chamber filled with a pure argon 

(99.9999 %) atmosphere. The heating rate was 5 °C·min-1. The thermocouple Pt - 13%Rh/Pt was used for the 

measurement of the temperature. 

The in-house developed software Surface Tension version 1.0 was employed for automatic evaluation of 
acquired photos, drop shape recognition, surface tension, density and average wetting angles calculation. This 

software uses the least square method for insetting the Laplace profile. 

3. RESULTS AND DISCUSSION 

Experimental determination of temperature dependencies of density, surface tension and average wetting 

angle for samples 1 - 3 was repeatedly performed for the verification of measured data.  
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Figure 1 Temperature dependence of surface 

tension for sample 1 

Figure 2 Temperature dependence of surface 

tension for sample 2 

Figure 3 Temperature dependence of surface 

tension for sample 3 

Figure 4 Dependencies of average surface tension 

on the temperature for samples 1-3 

he statistical analysis of surface tension measurements was performed using computing environment R (R 
Development Core Team, 2018). Figures 1 - 3 present the surface tension models (continuous lines), 95% 

confidence intervals (dashed lines), and 95% prediction intervals (dotted) lines. Only the model for the 

chromium content of 0.92 wt% was found to be statistically significant at a significance level 5 %. Since the 

surface tensions had not a normal distribution (verified using the Shapiro-Wilk test), they can be estimated by 
median and 95% confidence intervals (Table 2). Furthermore, the surface tension ranged from 1381 to 

1581 mN·m-1 for sample 1 at temperature interval 1512 - 1600 °C, for sample 2 from 1539 to 1698 mN·m-1 at 

temperatures 1508 - 1600 °C, and for sample 3 from 1618 to 1801 mN·m-1 at temperatures 1496 - 1600 °C. 

Figure 4 summarizes previous figures, and also present experimental scatter (coefficient of variation) of the 

measured data which was not greater than 5 %. As can be seen in the figure, the surface tension increases 
with temperature and chromium content. Therefore, the temperature coefficient of surface tension (dσ/dT) is 
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positive. This is most evident in sample 1 which has the highest sulphur content (0.0675 wt%). Unlike sample 

3, where the sulphur is least present (0.0062 wt%). A positive coefficient of surface tension can be explained 

according to [11] where, based on the Gibbs adsorption theory, the free surface of a metal droplet is covered 

by a monolayer of surface active elements (sulphur, oxygen) with a lower surface tension than the volume 

phase itself. With increasing temperature, the surface-active elements are desorbed into the bulk of the liquid 

metal causing a slight increase of surface tension. This phenomenon was described for samples with higher 

sulphur content [12]. 

Table 2 Statistical evaluation of surface tension dependencies on temperature (T) 

Sample σ = f(T); σ (mN·m-1), T (°C) 
Overall F - test (P 

value) 
Median of surface tension + 95 

% interval estimation 

1 σ(T)=1447+6.25·10-1·(T-1512) 0.016 1475 (1457; 1494) 

2 σ(T)=1607+2.66·10-1·(T-1508) 0.137 1620 (1610; 1630) 

3 σ(T)=1700+1.19·10-1·(T-1496) 0.533 1706 (1695; 1717) 

The evaluation of the density is necessary for the accurate determination of the surface tension by the sessile 

drop method. Experimentally determined temperature dependencies of average density for all samples 1 - 3 
are shown in Figure 5. The figure illustrates a linear drop in density with respect to temperature for all samples. 

Data variability expressed by the coefficient of variation was not greater than 5%. Experimental densities were 

compared with those theoretically calculated by means of Thermo-Calc software operating with the TCFE8 

TCS8 TCS Steels / Fe-alloys Database. The database is applicable for various types of steels/Fe-alloys with 
the recommended content of specific alloy elements. Figure 6 then displays the comparison of the theoretically 

calculated and experimentally determined densities. 

Figure 5 Dependencies of average density on the 

temperature for samples 1-3 

Figure 6 Comparison of experimentally obtained 

density values with calculated data 

Figure 6 shows that the lowest difference between experimental and theoretically calculated densities is for 

sample 1 where the relative error at Tmin is 2.66% and at Tmax is 1.19%. The highest difference is for sample 2, 

where the relative error at Tmin is 4.76% and at Tmax 3.16%. The deviation of theoretical and experimental 

densities calculated by relative error was not greater than 5% for all analyzed samples. The linear relations of 
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the theoretically calculated and experimentally determined densities for individual samples are shown in 
Table 3 below. The differences between experimental and theoretical densities at a minimum and maximum 

temperatures are also presented there. 

Table 3 Equations of the temperature dependence of density for experimental and theoretical data, differences  

  (Δρ) of experimental and theoretical densities at a maximum (Tmax) and minimum (Tmin) temperatures 

Sample 
Δρ (g·cm-3) 

at Tmin 
Δρ (g·cm-3) 

at Tmax 

ρ = f(T); ρ (g·cm-3), T (°C) 

Experimental data Theoretical data 

1 0.19 0.08 ρ(T)=9.20-1.70·10-3·(T-1512) ρ(T)=7.01-6.41·10-4·(T-1512) 

2 0.33 0.22 ρ(T)=7.34-1.79·10-3·(T-1508) ρ(T)=7.00-6.42·10-4·(T-1508) 

3 0.26 0.20 ρ(T)=7.24-1.07·10-3·(T-1496) ρ(T)=7.00-6.44·10-4·(T-1496) 

Figure 7 shows the temperature dependencies of average wetting angle for all analyzed samples. The value 

of average wetting angles increased with increasing chrome content. For sample 1 with the lowest chromium 

content (0.92 wt% Cr), it is about 142 degrees, while for sample 3 with the highest chromium content (4.76 

wt% Cr) it is about 165 degrees. Furthermore, as can be seen from the figure, the average wetting angle value 

increases very slightly with temperature. The coefficient of variation did not exceed 10 %. 

 
Figure 7 Dependencies of average wetting angle on the temperature for samples 1-3 

4. CONCLUSION 

The surface properties of three Fe - Cr - Cr alloys, which mainly differed in chromium content, were measured 

in the temperature range from the liquid temperature to 1600 ° C. The following results were obtained. 

• The surface tension increased with a rise in temperature at all Fe - C - Cr alloys, and the temperature 
coefficient of surface tension (dσ/dT) always has been positive. 

• The temperature coefficient of the surface tension depended on the sulphur content of the alloy samples. 

The maximum value was obtained for sample 1 with the highest sulphur content and the lowest for 

sample 3 where the sulphur content was insignificant. 

• The elemental composition had an impact on the value of surface tension of the alloys examined. It 

raised with increasing chromium content and decreasing sulphur content. 
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• A negative linear relationship of experimentally determined densities on temperature was observed. The 

calculation of theoretical dependencies showed similar course. The maximum deviation of the 

theoretical and experimental densities expressed by relative error wasn't higher than 5%. 

• The size of the wetting angles grew slightly with increasing temperature and positively depended on the 

chromium content in the analyzed samples. 

Confirmation of the results mentioned above will be completed by SEM and EDX analyzes to deeper 

understand the influence of composition and temperature on the surface properties of Fe - C - Cr alloys. 
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Abstract 

The article presents the results of research of iron content (II) and iron (III) in mill scale. 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 65-85 % of total content 

of iron in the analysed samples. It was proved that the content of Fe (II) in the analysed samples amounts to 

15-32 % while the content of iron (III) 22-40 %. 

Keywords: Waste, scale, steel industry, iron 

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, which the scale is a significant part. 

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 five types of scale mill 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, 

• oxyge analyser LECO ONH836, 

• scanning mikroscope Hitachi S-3400N equipped with EDS Thermo Scientific Noran System 7 detector 
and WDS MagnaRay. 
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Table 1 Research material 

Sample marking Scale type 

A Scale mill with oil 

B Scale mill from the rolling mill 

C Scale mill from the hardening 

D Scale mill from the rolling mill 

E Scale mill from the steelworks 

Table 2 Average chemical composition, % of mass 

Sample C O Al Si Ca Mn Fe Mg Cr S Cu V Ni 

A 0.14 11.8 0.17 10.3 0.57 1.47 83.67 - 0.3 - 0.6 0.07 0.2 

B 0.27 12.3 0.4 1.6 1.03 1.73 81.67 0.3 0.27 - 0.33 - - 

C 0.07 15.77 0.27 2.53 0.37 6.37 72.83 0.9 0.77 0.1 - - 0.17 

D 0.1 16.67 0.1 0.77 0.1 0.8 81 - 0.1 - 0.27 - - 

E 2.47 5.45 1.23 2.57 0.1 0.53 87.37 - 0.1 0,.3 - - - 

3. FE (II) AND FE (III) CONTENT IN METALLURGICAL SCALE MILLS 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 

samples were measured by the AAS 30 Carl Zeiss (Jena, Germany) which is characterised by the following 
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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 λ = 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 λ = 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 samplec B, D and E 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   24.3 0.125 57.3 

B   - - - 

C   22.5 0.116 50.4 

D   - - - 

E   - - - 

Total iron content determination by the AAS method 

The absorbancy of the samples was measured at the wavelenght of  λ  = 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 (µg/ml) Content (g) Content in the mass (%) 

A 14.79 1.849 85.2 

B 12.92 1.615 77.9 

C 11.78 1.473 64.3 

D 11.14 1.391 68.2 

E 13.58 1.698 70.6 

Iron (III) ions content determination by the spectrophotometric method  

The absorbancy of the samples was measured at the wavelenght of λ  = 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 (µg/ml) Content (g) Content in the mass (%) 

A 6.45 0.805 37.1 

B 4.59 0.574 27.7 

C 4.14 0.517 22.6 

D 4.31 0.539 26.4 

E 7.73 0.966 40.2 

Iron (II) ions content determination by the spectrophotometric method  

The absorbancy of the samples was measured at the wavelenght of λ = 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 (µg/ml) Content (g) Content in the mass (%) 

A 0.327 0.510 23.5 

B 0.422 0.659 31.8 

C 0.236 0.369 16.1 

D 0.421 0.658 32.2 

E 0.236 0.369 15.4 

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) 

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 scale 
mills, including the Fe (II) and Fe (III) contents is presented in the Figure 1.   
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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 

65-85 % of total content of iron in the analysed samples. It was proved that the content of Fe (II) in the analysed 

samples amounts to 15-32 % while the content of iron (III) 22-40 %. 
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Abstract 

Computer-aided image recognition methods are non-invasive, easy to implement and quick to calculate 

defects detection methods. They seem to be a promising method for investment casting applications - defects 

can be detected in individual incestment casting processes, reducing the costs caused by defective castings. 

As part of the research, defects have been defined and described in wax models. For each of the 

disadvantages, a characteristic signature was created allowing for its later detection in the image. In the next 

stage pre-processing of models was carried out, including segmentation, denoising and sharpening in order 

to prepare images for the input form for the algorithm. Next, an algorithm for searching and classifying areas 

containing separate defects and deviations from correct images was developed. The algorithm uses statistical 

classification methods and machine learning elements using convolutional neural networks. 

Keywords: Investment casting, wax model, image recognition, neural networks  

1. INTRODUCTION 

The most important benefits of the investment casting process are superior surface finish, complex geometries 

and fine details of the products, the possibility of using wide range of alloys. To create the cast with this method, 

first we need to make wax model by injection to the metal die. The next stages are mounting models to the 

sprue, building a ceramic shell around the wax tree, burning off the wax and metal pouring. From the first stage 

of production, the quality of future castings depends a lot. Wax model is replica pattern of the cast. Making 

wax models can generate a lot of defects [1], the main along with the causes are: 

• deformation of wax pattern - may occur due to improper work of workers or by wrong cooling of the wax 

• short - too low wax temperature 

• surface wrinkles - insufficient pressure during injection or inappropriate temperature of the wax 

• flash - inappropriate fastening of the die 

• cracking - effect of mechanical action 

• bubbles - can appear when air is injected into the mold along with the wax  

The research carried out as part of this article aims to develop algorithms for the visual recognition of defects 

in wax models. It will be one of the elements of a dedicated system for defect identification in investment 

casting. Image recognition, also known as computer vision, can be generally described as converting the 
image by suitable devices or machines to a digital form for further processing. Figure 1 shows a diagram of a 

standard procedure in the analysis and image processing.  

 

Figure 1 Image processing algorithm [2] 

Often this type of processing is implemented using computational intelligence methods [3]. The authors used 

neural networks as one of the methods of images analysis and recognition. Neural network is a kind of 
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computational model that operates in the same way as 

neurons in the human brain. Neuron takes input data, 

performs operations, and then transmits the output data to 
the next neuron. Schematic operation is shown in Figure 2.  

In the frame of the article pre-processing of wax models was 

carried out, including segmentation, denoising and 

sharpening in order to prepare images for the input form for 

the algorithm. The neural network of an image processing 

based algorithms were implemented to detect different types 

of defects visible on wax models images.  

2. METHODOLOGY 

The purpose of the research was to implement defect detectors for common defects occurring in wax models, 

based on wax model image. Considered defects were: non-fills, flashes, cracks, flow lines, and graining. For 

these defects, separate detectors were developed, and complied into main image processing chain. General 
algorithm for defect detection was as follows (Figure 3).  

 

Figure 3 The algorithm for defect detection 

Initial step of defect detection process was blade extraction from images and segmentation into regions 

corresponding to blade base, lateral surface and blades upper part. Obtained segmentations allowed us to 

analyze important regions of blades separately, which helped to increase performance and improved feature 

detection by reducing effect of geometry changes in wax models. Segmentations were generated with 
Watershed algorithm, applied to the gradient of image smoothed with bilateral filter (Figure 4). 

a) b) c) 

   

Figure 4 Example original image (a), smoothed image (b), and contours of segmented image (c) 

In the next stage of the research, appropriate detectors were used for each of the wax models defects. 

Figure 2 Schematic representation of 

neural network [4] 
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3. RESULTS 

3.1. Non-fills and flashes 

Non-fill and flash defects (Figure 5), as deviation from reference geometry, can be detected by taking 

difference of binary base shape image and binary shape image of model being examined. With given pixel 

tolerance around shape borders (to reduce image noise and compression effects), and after filtering out small 

regions, positive pixel values indicate non-fill defect and negative values indicate flash defect. Described 

approach was implemented for non-fill and flash recognition. This detector requires exact matching with base 

geometry image. For this purpose, feature matching algorithms from OpenCV [5] library was utilized. In the 

first step, keypoint descriptors for model image and reference image are generated with SIFT algorithm. 

Keypoints (features) are characteristic scale and affine transform invariant points of an image like corners or 

edges. Next step was to find corresponding keypoints on the images with FLANN algorithm and to compute 

affine transformation parameters based on the keypoints relations. In the final step transformation was 

reversed, resulting in aligned images that could be processed by the detector. 

a) b) c) d) e) 

     

Figure 5 Non-fill defect (a), binary image (b), binary reference geometry image (c), difference of images 

indicating non-fill defect (d), difference bounding box applied to original image (e) 

3.2. Cracks 

Crack detection (Figure 6) was implemented with image processing routines. First, image was converted to 

grayscale and adaptive histogram equalization was applied, using CLAHE (Contrast Limited Adaptive 

Histogram Equalization) algorithm. This allowed to adjust contrast and enhance edges. Then, bilateral filter 

was used to reduce noise and visibility of surface roughness while preserving edges, which is important for 

cracks detection. As a final step, Sobel edge detector and binarization was used to extract crack’s edges. 

a) b) c) 

   

Figure 6 Fragment of blade image with a crack (a), denoised image with edge enhancement (b), and crack 

detected with Sobel and binarization filter 

3.3. Flow lines 

For flow lines detection, 3-layer neural network was implemented (Figure 7), with 784 input neurons, 

corresponding to number of input pixels, hidden layer consisting of 400 neurons, and output layer with 2 

neurons, indicating if given tile contains flowline characteristic structure. For network learning, we used 

backpropagation scheme with gradient descent method. As an input, 28x28 tiles were generated from images 

of blades having flow lines defects. Firstly, images were sharpened with unsharp mask filter, then difference 

of gaussians (DoG) filter was applied, followed by binarization. In the next step, regions containing flow lines 
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defects, and defect free regions were sampled with overlapping 28x28 windows, with offset of 4 pixels. 

Obtained tiles were classified as faulty if given tile was covering more than 35% of region with defect, and as 

defect free otherwise. Based on initial images of blades with flow lines defects, this approach allowed to 

generate training set of about 19000 images. Different network parameters (such as number of layers and 

number of neurons per layer) and learning parameters (number of iterations, learning rate) were tested with 

the best results being yield for values mentioned above. 

a) b) 

  

Figure 7 Example training 28x28 tiles generated from images of flow lines defects. Flow lines patterns (a), 

and regular patterns (b) 

After the training, network was tested on blade images, detecting flow lines with 89% accuracy, with incorrect 

classifications being mainly false positives. To detect defect with trained network, images were processed 

similarly as in training set generation process - sharpening, DoG and binarization filters were applied. Then, 

for every image, 28x28 samples were generated and evaluated with trained network. Overlapping regions, 
classified as regions containing defects were merged, creating final region containing flow lines (Figure 8).  

a) b) 

  

Figure 8 Example input image (a) and flow lines region detected by neural network, applied 

to original image (b) 

3.4. Graining 

Graining defect (Figure 9) appears on the image as accumulation of darker pixels, creating spare darker 

regions. Granularity itself cannot be the only measure as image noise can affect recognition and defect free 

regions also exposure grainy structure with standard enhancing filters. For this reason, to recognize graining 

effect, median blur, combined with adaptive binarization and morphological opening operation was utilized. In 

defect regions, median blur would generate continuous, darker regions that can be extracted with binarization 

routine. Morphology opening was used to filter out small regions. 

a) b) 

  

Figure 9 Example input image (a) and flow lines region detected by neural network, applied 
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Described procedures were implemented as part of a library for defect analysis. Implementation was written 

in Python language, with use of OpenCV Python [6] bindings and scikit-image modules for image processing. 

For computational optimization purposes, Theano module was used, allowing also for GPU support for heavy 

parallel computations. 

4. CONCLUSION 

With implemented algorithms and routines, good accuracy was achieved, allowing for quick assessment of 

wax models, based on models’ images. Methods of detecting and extracting visual characteristics of defects 

from images were implemented for non-fills, flashes, cracks and flow line defects. These methods however, 

are sensitive to image quality, and for industrial application, environment providing reproducible data, 

consistent background, lighting and photographed object alignment is required to avoid excessive 

preprocessing and accuracy issues. Neural network implementation was efficient in recognizing flow line 

defects, with success rate of 89%. Use of convolution neural network is under development, which will improve 

feature detection, including also described detectors already based on standard image processing routines. 

This implementation is part of a system for automatic control of quality of intermediate products of investment 

casting process. Performance, at the library level, is good enough for real time applications. 
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Abstract 

The presented paper is focused on the experimental study of the surface properties of selected commercial 

steels (three alloys based on Fe - C - Cr). The surface tension of given steels 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 temperature and the chemical composition on the surface 

properties of the steels was studied. For an assessment of the influence of the major elements (carbon and 

chromium), the steels with different carbon and chromium contents, which varied in the range of 0.077 - 0.381 

wt. % and 0.049 - 4.990 wt. %, respectively, were chosen. It was shown that higher content of both 

abovementioned components increased the surface tension of the investigated steels and their contact angle 

with alumina substrate. The interaction of the steel samples with the alumina substrate was studied using SEM, 

EDX and XRD methods. 

Keywords: Sessile drop method, surface tension, wetting angle, interaction, steels  

1. INTRODUCTION  

The surface tension of liquid Fe - alloys and their wettability of the solid substrate belong to the physicochemical 

quantities of prime importance in various fields of materials science and engineering. For instance, their 

knowledge is needed to calculate the work of adhesion of a metal on a solid, to evaluate the capillary pressure 

that controls infiltration of the liquid metal into porous solids or to describe behaviour at the liquid metal/crucible 

interface (liquid/solid phase). Surface tension data is essential to understand various phenomena in casting, 

refining and welding processes such as separation of inclusions from steel to slag, nucleation of bubbles and 

inclusions, a growth of bubbles and inclusions, spreading of inclusions in slag and others. 

It is important to note that experimental study of the surface properties of a liquid multicomponent metallic alloy 

using some of the contact methods is very difficult especially because of the high reactivity of metallic melts 

with solid substrates at high temperature, chemical heterogeneity, roughness and porosity of the substrate 

surface, extreme sensitivity of surface tension to impurities [1]. However 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. The characterization of a solid surface by determination of drop contact angles 

aids to understanding physicochemical processes at the interface. 

Even though the influence of carbon and chromium on the surface tension of steel has been studied by many 

authors, the results of these studies are very different. Kawai et al. [2] showed that the carbon acts as a surface 

- active element, i.e. it reduces the surface tension of steels. By contrast, Morohoshi et al. [3] provided that the 
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surface tension of the Fe - C melt is constant in carbon activity range 0.1 - 0.73. During the measurement by 

the oscillating drop method, the partial pressure of oxygen was less than 10-10 Pa to minimize its effect on the 

surface tension. They stated that carbon does not affect surface tension, but reduces oxygen activity in the 

melt, causing increased surface tension. According to Lee and Morita [4], carbon has the positive effect on the 

activity of sulphur which lowers surface tension. Jimbo and Cramb [5] argue that the higher carbon content 

causes a small increase in the surface tension of the molten iron. The influence of chromium on surface tension 

was investigated by Li and Mukai [6, 7]. They found that chromium slightly increases surface tension. The 

cause of the discrepancies among results has not yet been clarified. Some are probably due to different 

concentrations of oxygen and sulphur in examined samples or less precise experimental techniques. It is 

generally known that oxygen and sulphur are among the strongly surface - active elements and therefore 

reduce the surface tension of steels. 

The presented work is focused on the experimental study of temperature dependencies of surface tension and 

wetting angles of selected commonly used steels with different carbon and chromium content. The values of 

mentioned quantities were determined by the sessile drop method when the molten steel was in contact with 

the alumina substrate. The mutual interaction between the melt and solid phase was studied by means of the 

SEM, EDX and XRD methods. 

2. EXPERIMENTAL RESEARCH 

2.1. Samples characterization  

Three steel grades - alloys based on Fe - C - Cr (samples 1 - 3) were used for experimental measurement of 
surface properties, the chemical composition of which is shown in Table 1. From given steels, the cylindrical 

pieces (diameter 5 mm x height 5 mm) were prepared, each weighting about 0.7 g. The steel pieces were 

mechanically polished to remove any surface oxide and cleaned with acetone. 

The high purity Al2O3 (99.8 %) plate (37.3 x 44.7 x 2.0 mm) was used as a substrate (a non-wettable plate) in 

this study. Each Al2O3 plate was annealed at the temperature of 1150 °C for 6 hours and its surface 

immediately before the experiment was cleaned with acetone, dried and used without touching the surfaces, 

in order to avoid any possible contamination. Then the steel sample was set on the upper surface of the Al2O3 

substrate and prepared for the experiment. 

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 0.318 1.539 0.460 0.270 0.008 0.001 0.100 0.887 0.194 0.820 0.002 0.001 

3 0.381 4.990 0.380 0.940 0.008 0.001 0.090 0.264 1.160 0.025 0.0068 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. Measurement of surface properties 

Experimental measurement of surface properties (wetting angles, surface tension) was performed in 

a resistance observation furnace Clasic [8] 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 the geometric shape of a drop, which is sessile on a non-wettable plate. Recognition of the drop 

shape is divided into two steps. Firstly, the approximate height of the drop in the image is estimated. Secondly, 
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the contour segments of the drop are found. The Laplace - Young equation is used for evaluation of the image. 

Laplace method uses the global information provided by the outline of the object being watched. 

Prepared sample was settled at the centre of the furnace near the thermocouple. The reaction chamber was 

sealed and evacuated and then purified with 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. The shape of the sessile drop was monitored by the camera CANON EOS 550D when the 

sample was melted. The images of the drop were recorded only during the heating. The experiment was 

performed under an inert atmosphere of argon in order to avoid the oxidation of the sample. 

2.3. SEM - EDX and XRD methods 

The semiquantitative X-ray microanalysis of microstructural particles was carried out by scanning electron 

microscope JEOL 6490LV (SEM), equipped with EDX analyser INCA in the mode of backscattered electrons 

(BSE). The local chemical composition was determined by detecting the characteristic X-rays generated at the 

point of impact of the primary electron beam on the sample using the X-ray microanalysis. The experiments 

were performed with settings: thermo-emission cathode LaB6, voltage 20 kV, resolution of 3.0 nm, vacuum 

2.5⋅10-6 Pa for metal and 25 Pa (low vacuum) for ceramics samples. 

A Quanta-650 FEG auto-emission electron microscope (Thermo Fisher Scientific/FEI) was used for the 
acquisition of high-resolution images (see Figures 5 - B, C, E, F, H, I). The measurement parameters were as 

follows: voltage 20 kV, current 8 - 10 nA, beam diameter 6 µm, and reduced vacuum with pressure in chamber 

50 Pa. The samples were measured without metal coverage. 

The X-ray powder diffraction (XRD) measurements were conducted by a Bruker-AXS D8 Advance equipped 

with a silicon strip LynxEye position-sensitive detector under the following conditions: radiation CuKα / Ni filter, 

voltage 40 kV, current 40 mA, step by step mode of 0.014° 2Θ. Total time on the step was 25 s and angular 

extent was 5-80° 2Θ. The data were processed by the Bruker AXS Diffrac, Bruker EVA and Bruker Topas 

software. PDF-2 database (International Centre for Diffraction Data) was used for phase identification. The 

samples were measured on untreated surfaces through their central parts. 

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 1. From this figure, it is evident that the 

surface tension decreases with increasing temperature.  

Increasing content of carbon and chromium acts positively on the steel surface tension, this means that with 
increasing content of the abovementioned elements the surface tension increases, see Figure 1. 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. Therefore, it is possible 

to lean towards the opinions of the authors [3, 4, 9]. According to their findings, the effect of carbon and 

chromium is greatly influenced by the presence of surface active elements. Carbon itself does not influence 

the surface tension but reduces oxygen activity in the melt which causes an increase in the surface tension.  

Carbon may also increase the sulphur activity causing a 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. Therefore, lowering of the oxygen 

activity in the melt consequently increases the surface tension.  

The temperature dependencies of the average wetting angle of the steel samples in the temperature interval 
from their melting point to the temperature of 1600 °C are shown in Figure 2.  
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Figure 1 Temperature dependencies of the 

surface tension of investigated steel 

Figure 2 Temperature dependencies of average 

wetting angles of investigated steels on alumina 

substrate 

The absolute value of the difference between the right and left wetting angle, which does not exceed the value 

of 2° for any of the samples over the entire measured temperature interval, can be found there. From  
Figure 2 it is apparent that higher chromium content increases the wetting angles, except for sample 2 which 

possess a higher amount of aluminium (0.820 wt. %). SEM analysis indicated that Al2O3 was locally formed 
on the sphere surface at the contact with the alumina substrate, see Figure 3 (c). It probably influenced the 

value of the wetting angles. 

  

Figure 3 SEM image of the droplet, a - c) analyzed 

regions. The detail of the contact between droplet 

and alumina substrate (c) 

Figure 4 The surface of the alumina substrate, 

a) area under the liquid metal droplet, b) reddish 

circle in its proximity 

The interaction of steel samples with the alumina substrate was investigated using SEM and EDX analysis. 
Figure 3 (SEM image) shows a metal droplet (sample 2) after the experiment. Individual analyzes were 

performed in marked regions. EDX observation was carried out to clarify the surface distribution of selected 

elements. Based on EDX analysis, it can be stated that none of metal droplet samples was covered by the 

oxidation layer. There was also no dissolution of the aluminium in the melt. The chromium content at sample 
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3 slightly decreased from its original value 4.99 wt. % to 3.41 - 4.1 wt. %. All samples examined showed a 

moderate increase in silicon content. Specifically, for sample 1 from the beginning value 0.201 wt. % to 0.23 - 

0.26 wt. %, for sample 2 from 0.270 wt. % to 0.42 - 0.55 wt. %, and for sample 3 from the original 0.940 wt. % 
to 1.41 - 1.72 wt. %. The alumina substrate after the experiment is shown in Figure 4 with highlighted analyzed 

areas, the area under the melt droplet and the area in the immediate vicinity (reddish ring formed around it). 
Figure 5 displays SEM images of the alumina substrate after the experiment. Analyzed surface area and the 

points of the individual analyzes are shown in Figures 5A, 5D and 5G. The surface under the liquid metal 

droplet is in Figures 5B, 5E, 5H, and the area around in Figures 5C, 5F and 5I. EDX analysis for sample 1 

confirmed enrichment by iron (0.14 to 0.65 wt. %) in the area under metal droplet and its immediate vicinity 
(see Figures 5B, C). Calcium is present in a higher amount in the area under the melt in the range 0.79 - 2.55 

wt. %. X-ray diffraction confirmed the occurrence of the high-temperature mineral hibonite (theoretically 
CaAl12O19) in the surface layer under the droplet (see Figure 5B). The amount of calcium was also increased 

in samples 2 and 3 in the same area (sample 2 (1.75 - 5.47 wt.%), sample 3 (0.62 - 8.42 wt.%)). The hibonite 
was present there in both samples (see Figures 5E, H). In the case of the two last-mentioned samples, 

chromium was found in the surface layer close to the droplet, probably in trivalent Cr(III) form. It is to be 

assumed that aluminium can be substituted for the chromium in corundum due to the similar atomic radius and 

is present there as chromium oxide. Furthermore, Cr(III) ion possess two strong adsorption bands in the visible 

part of the spectrum which explains the red color [10]. 

   

   

   

Figure 5 SEM images of the alumina substrate after the experiment for sample 1 (A - C), sample 2 (D - F) 

and sample 3 (G - I). SEM image of the alumina substrate after the experiment at low magnification (40x), 

the area under droplet, and the area in its vicinity are in the row from left to right. High - magnified (12 000x) 

image of sample 1, Figure (B, C) (inlay) 
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4. CONCLUSION 

The results obtained by the experimental research can be summarized as follows: 

• The surface tension of the investigated steel samples decreases with increasing temperature.  

• 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 

decrease the oxygen activity and consequently increases surface tension. 

• The contact angle of liquid steel samples with alumina substrate increases with increasing chromium 
content. Wetting angle decreases markedly with the increasing content of sulphur. The wettability of 

alumina at investigated steels increases slightly with increasing temperature. 

• The interaction of the melt with the alumina substrate can be affirmed from the results of SEM, EDX, 
and X-ray diffraction analysis. Nevertheless, there was no formation of oxidation layer on the surface of 
the metal droplet and aluminium dissolution in the melt. The hibonite was formed in the alumina 
substrate at the point under the metal droplet for all three analyzed samples. It was enriched with iron 
in the case of sample 1, which had the lowest chromium content (0.049 wt. %). Furthermore, it was 
found that isomorphic substitution of Cr3 + for Al3 + occurs in the corundum surface layer near the metal 
droplet at samples 2 (1.539 wt. % Cr) and 3 (4.990 wt. % Cr). The chromium was present there as Cr2O3. 
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Abstract 

Currently, model study is commonly used part of research in field of metallurgical processes. Process 

of simulation of casting and solidification of steel ingots is no exception. This paper maps possibilities 

of numerical modelling of casting and solidification of steel ingots, as a part of research of these processes, 

carried out in Department of Metallurgy an Foundry of Faculty of Metallurgy and Materials Engineering of VŠB-

TU Ostrava under the conditions of Regional Materials Science and Technology Center. A few programs and 

software packages applicable to numerical modelling of ingot casting process are available. These programs 

provide a wide range of potential results, useful for optimization of ingot casting process and resulting quality 

of ingots, which are presented in this paper. 

Keywords: Steel, ingot casting, numerical modelling, casting and solidification 

1. INTRODUCTION 

Even though nowadays most of the liquid steel is processed by continuous casting technology, also steel 

ingots have its irreplaceable function, due to dimensional variability. Continuous casting products are still 

dimensionally limited, so producers of heavy steel products often rely on the steel ingots. To achieve high-

quality final products, it is necessary to come out of semi-finished products with equal quality. During ingot 

casting process, some external defects such as microporosity and macroporosity, segregation or hot tears and 

cracks can form, due to incorrect casting conditions, mould design or also due to problematic steel grade. [1,2] 
To prevent these defects, attention is paid to research and development of the technology of ingot casting. 

With the advent of computer technology, a new area of research of metallurgical processes, which is numerical 

modelling, opens. Numerical modelling becomes more and more important thanks to the possibility of 

simulation of real casting conditions, which is particularly advantageous for high-temperature processes that 

are too demanding for physical modelling. The process of simulation of casting and solidification of steel ingots 

is no exception. Mastering of the technology of ingot casting without defects is usually conditional by 

knowledge of optimal casting conditions. For this purpose, numerical modelling is suitable. Through numerical 

study, it is possible e.g. optimization of casting speed with respect to steel spattering, adjustment of casting 

temperature, identification of conditions of defects formation, tracking of segregation distribution etc. This 

paper is focused on the introduction of possibilities of numerical software used for research and educational 

purposes at the Department of Metallurgy and Foundry of Faculty of Metallurgy and Materials Science of VŠB-

TU Ostrava. 

2. PRINCIPLE OF NUMERICAL MODELLING IN SIMULATION SOFTWARE 

The principle of numerical modelling is based on a definition of a mathematical model through equations, which 

describe various physical or chemical phenomena. These phenomena are three-dimensional and vary in time, 

therefore they are described by systems of differential equations, which is very complicated. For this reason, 

the investigated domain is cut to subdomains (elements) and relations between these subdomains are 

described by equations. Depending on the accuracy of computational mesh, a number of equations describing 
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relations between elements, which achieves tens of thousands to millions, increase. Therefore, it is possible 

to solve these systems of equations only by numerical methods.  

Programs for numerical simulations are based on numerical methods, 

such as Finite Differences Method and Finite Element Method. 

The principle of Finite Differences Method (FDM) is to cover 

the investigated domain by a structured computational mesh with 

the final number of elements and discretization of the domain 

to the points of the mesh. The partial derivatives in governing 

equations are replaced by Taylor polynomials (so-called differences) 

in node points of the mesh, creating the system of algebraic equations, 

which is solved numerically. The advantage of FDM is its simplicity, 

which allows implementation of the method to software products. 

Disadvantages include the necessity of covering geometry by 
structured mesh (see Figure 1 left) and thanks to that refinement of 

the mesh in critical areas makes harder. Also, application of boundary 

conditions on complicated geometries can be difficult. [3,4,5] 

The Finite Element Method (FEM) is currently very popular, 

thanks to its versatility and ability to describe complicated and 

extensive problems. A solution of FEM consists of division 

of computational domain to a finite number of geometrically 

simple finite elements by triangulation. For each finite element, 

approximated solution as a linear combination of nodal values 

and approximation functions is found. Algebraic relations 

between nodal values of solution for every element are derived 

and from partial solution, overall solution is assembled. 

The undisputed advantage of FEM is a possibility 

of an accurate description of complex geometry also thanks 
to unstructured mesh (see Figure 2), which better fills 

the entire volume of geometry. Representation of overall 

solution by functions defined in each element, thanks to that 

the program can capture local effects such as steep gradients of a tracked variable, is also relatively simple. 

A certain disadvantage can be a large computational difficulty, which increases with increasing number 

of elements of computational mesh. [7,8,9] 

To achieve relevant results, the correct definition of thermodynamic parameters of ingot and mould 

is necessary. It is equally important to define heat transfer coefficients. Numerical modelling of steel ingot 

solidification is closely related to heat transfer from the ingot. Especially, during numerical modelling 

of temperature field and solidification, determination of mechanism and intensity of heat transfer is important.  

3.  ACHIEVABLE RESULTS  

3.1. Filling and solidification 

Optimization of ingot casting technology is usually carried out with respect to inner and outer defects formation. 

Nucleation of these defects can be initiated at the beginning of the casting, therefore, pay sufficient attention 
to mould filling is important. Mould filling is characterized by the laminar and turbulent flow of cast steel. Both 

laminar and turbulent flow is described by Navier-Stokes equations (1) (one equation for each coordinate x, y, 

z) together with continuity equation, whose general form is expressed by equation (2). These equations 

characterize laws of momentum and mass conservation. Depending on the nature of the flow and turbulent 

Figure 1 Structured mesh (FDM) [6] 

 

Figure 2 Structured mesh (FEM) [6] 
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model, Navier-Stokes and continuity equations are supplemented by other equations for turbulent quantities 

(e.g. k and ε or ω). [9,10,11] 

«¬
«� + ®¯

«¬
«¯ + ®°

«¬
«° + ®{

«¬
«{ � � D

±
«�
«¯ + ² ³«�¬

«¯� + «�¬
«°� + «�¬

«{� ´ + M̄   (1) 

«�±.¬�
«¯ + «C±.¬µG

«° + «�±.¬¶�
«{ � 0 (2) 

where ® is speed (m.s-1), · is density (kg.m-3), ¸ is pressure (Pa), ² is kinematic viscosity (m2.s-1), 

M is component of external volumetric force (-) and ¹, º, � are coordinates (-).  

Thanks to mould filling simulation, we can track not only the filling process but also the speed field, which 
is also possible to display by vectors, simultaneously describing flow direction, as can be seen in Figure 3. 

Simulation of mould filling is very useful, especially in initial phases of mould filling, when the spattering of steel 

can occur due to incorrect casting speed or e.g. mould shape. Filling results are also applied during analysis 

of casting powder entrainment. On this phenomenon was focused e.g. studies [12,13]. 

The basis for numerical modelling of processes related to heat transfer is temperature field. Temperature field 

is described by Fourier equation, which can be (as the law of energy conservation) expressed by equation (3). 

Calculation of other parameters related to the temperature such as temperature field, solid fraction, enthalpy, 
cooling rate etc. is then based on the temperature field. Figure 4 demonstrates pictures of temperature field 

of liquid steel and mould, simultaneously describing the course of mould filling.  

�· «�
«» � «

«¯ ³¼ «�
«¯´ + «

«° ³¼ «�
«°´ + «

«{ ³¼ «�
«{´ (3) 

where � is heat capacity (J.K-1), ½ is temperature (°C), ¾ is time (s) and ¼ is thermal conductivity (W.m-1.K-1). 

   

Figure 3 Results of 

flow field (m.s-1) [6] 
 Figure 4 Visualization of mould filling and temperature field (°C) [5] 

The process of solidification, which is also dependent on many factors, can be evaluated by fraction solid 

results. An example can be mentioned results of ingot solidification, as can be seen in Figure 5. Also, results 

of heat flux (see Figure 6) can be useful to a determination of the intensity of heat transfer.  

Simulation of ingot deformities such as microporosity and macroporosity, which form during shrinkage 

of steel, is very popular. Prediction of these defects is solved based on Niyama criterion (4), which expresses 

the fraction of temperature gradient and cooling rate in a nodal position of mesh during simulation. [2,9,14] 

Nº � ¿
ÀHz  (4) 

where 8 is thermal gradient (K.m-1) and 0z  is cooling rate (K.s-1). 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

195 

     

Figure 5 Ingot solidification - fraction solid results (-) [5] 

     

Figure 6 Visualization of heat flux results (W.m-2) [5] 

This issue has been recently dealt by authors [5,6,15]. Results of prediction of internal porosity of ingot through 

Niyama criterion is shown in Figure 7. Very important is influence of computational mesh density on quality 

of internal porosity results (see Figure 7). As can be seen, porosity changes its shape and size in dependence 

on mesh density. On a very coarse mesh, the porosity may not be noticeable. Different shapes of shrinkage 

cavity at different density of mesh, are also visible. If some part of an element of the mesh contains shrinkage 

cavity, the software fill by shrinkage cavity the whole element, which affects the resulting shape and size of 

visualized shrinkage cavity. This example demonstrates the importance of computational mesh in procedure 

of numerical modelling.  

3.2.  Prediction of macrosegregation 

With regard to segregated elements effect on steel 

properties, prediction of macrosegregation is very 

helpful tool of optimization of ingot quality. Thanks 

to its possibilities, the software provides a computation 
of macrosegregation based on chemical composition 

and thermodynamic properties of steel for a range 

of alloying elements such as C, P, S, Mn, Si, Cu, Ni etc. 

The software works with the equation of liquid species 

conservation (5) and solid species conservation (6). [9] 
Results of macrosegregation of phosphorus in 40 t ingot 

are illustrated in Figure 7. [16] Computation 

of segregation uses temperature field at the end 

of mould filling and is focused only on liquid fraction 

contained in mould. As it has been found out by authors 

of study [12,16], if the computation of segregation 

 
 

Figure 7 Visualization of internal porosity in 

ingot, dependent on size of mesh elements and 

mesh density [5] 
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is divided into two phases (separate computation of filling, separate computation of solidification based 

on exported filling results) and if the thin solid crust on the interface between mould and ingot is created, the 

program is not able to determine content of element in solid fraction. This phenomenon is confirmed by results 
of segregation of P, which can be seen in Figure 8, where zero content of P in the region of solid crust is 

visible. Therefore, it is appropriate to calculate filling and solidification as one coherent simulation, where the 

development of macrosegregation is captured in initial stages of solidification (i.e. from the moment of solid 

crust emergence).  

M~·~
«c�Á

«� + M~·~²~ . Â�~Ã � Â. �M~·~Ä~ÃÂ�~Ã� + ��~Ã � �Å~Ã� «
«� �·ÅMÅ� + �±Æ�ÆÁ

~ ��ÅÃ � �Å~Ã� (5) 

MÅ·Å
«cÆÁ

«� � ��ÅÃ � �ÅÃ� � «
«� �·ÅMÅ� + �±Æ�ÆÁ

~ ¡ (6) 

where � is concentration, o is species, Ç is diffusion length, � is interfacial area concentration, Ä is diffusivity, 

� and Ç represent liquid and solid interface. 

3.3.  Prediction of risk of hot tearing and cracking sensitivity 

During solidification and cooling of steel ingot, stresses due to anisotropy of mechanical properties can occur. 

In the worst case, these stresses can lead to violation of integrity of ingot and degradation of its quality. To 

elimination of defects formed due to internal stresses (hot tearing, cracks), tools able to predict critical areas 
are applicable. For this purpose, Hot Cracking Sensitivity (HCS) computation, which is described in more detail 

in literature [9,17], is usable. Authors of study [17] developed a criterion for steel, which can be expressed 

by equation (7). The higher the value of the HCS, the more sensitive the material to crack. 

Y�� � D
Èz Á� (7) 

where ÉzÃ�¯ is maximum strain rate sustainable by the mushy zone (s-1). 

To hot tearing prediction, Hot Tearing Indicator, which is a part of software, is useful. This tool computes hot 

tearing sensitivity of steel in temperature range over solidus temperature. As an example, results obtained 
during research of technology of slab ingot casting by authors [16] (see Figure 9 left), can be used. The higher 

value of Hot Tearing Indicator, the higher sensitivity to hot tearing. [8] Nucleation and growth of cracks are 
support by plastic deformation of steel, same as porosity presence. Prediction of cracking of ingots provides 

the Cracking Indicator. This tool is used to the computation of cracks, formed after the finish of solidification of 

ingot and is based on stress computation coupled with porosity computation. [9] Visualization of Cracking 

results is shown in Figure 9 right. Just like Hot Tearing Indicator, the higher value of Cracking, the more 

sensitive the material is to crack. 

  

 

    

Figure 8 Visualization of macrosegregation  

[16] 

Figure 9 Results of Hot Tearing Indicator (left) and  

Cracking (right) [16] 
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4. CONCLUSIONS 

Steel ingots are sensitive to the formation of the defects, which can lead to quality degradation. Thus, prediction 

of these defects is very important part of research of ingot casting technology. In this respect, numerical 

modelling is a very useful tool, which provides identification of conditions of defects formation and on that basis 

casting conditions or mould design can be appropriately adjusted. Currently, there are many programs 

intended for numerical modelling. These programs can numerically investigate the entire process of ingot 

casting and help to avoid financial losses associated with ingot quality degradation due to defects creation. 

From the numerical analysis of casting and solidification of steel ingot, it was found out that: 

• Numerous numerical methods are used for simulations of ingot casting technology, including the Finite 
Element Method and the Finite Differences Method. 

• The phenomenon involved in process of ingot casting and solidification are based on governing 
equations. These equations are during numerical modelling solved by numerical methods. 

• To obtain relevant results, not only the correct setting of the numerical model but also the definition 
of thermodynamic parameters of steel and materials of casting assembly, are important. 

• In the process of numerical modelling, it is of particular importance the computational mesh whose 
quality can greatly influence the extent of predicted defects. 

Numerical modelling of the technology of steel ingot casting can be divided into the simulation of: 

• filling and solidification of the ingot; 
• macroporosity and microporosity formation in the ingot; 
• macrosegregation formation; 
• hot tearing and cracking sensitivity. 
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Abstract  

This paper deals with optimization of ferrite magnet production. The study is divided into two parts. The first 

part introduces general information about magnets and their division. The process of the magnet is described 

in detail. In the second, experimental part of the input raw material, ferrite metal powder, the basic mechanical 

and physical parameters were determined, including the angle of internal friction, the particle size distribution, 

the particle shape and the flow function, serving for a more detailed description of the behaviour of the material 

throughout the technological line. On the basis of evaluation of measured data, specific steps were proposed 

to optimize ferrite magnet production and general optimization of weak points of storage and feeding 

processes. The support of Discrete Element Method was used for the final hopper design. 

Keywords: Magnet, ferrite powder, angle of internal friction, hopper  

1. INTRODUCTION 

Magnet is an object that creates a magnetic field around it. The magnetic field allows the magnet to have its 

specific ability to attract magnetic materials. The magnet may take the form of an electromagnet or a permanent 

magnet. Electromagnets need electricity to create a magnetic field. Permanent magnets do not need external 

influences to create the magnetic field, they are able to create a magnetic field around them permanently. We 

distinguish rare earth magnets, AlNiCo magnets and ferrite magnets. Rare Earth magnets are made from the 

group of elements that are referred to in the periodic table as alkaline earth metals. AlNiCo magnets are 

materials made of mixtures of aluminium, nickel, cobalt, iron, copper and titanium [1,4]. Ferrite magnets, also 

known as ceramic magnets, are among the most widely used and affordable magnet materials. Their 

worldwide consumption is still growing and now reaches around 300,000 tonnes per year [2]. These materials 

are made of iron oxide and barium or strontium carbonate. The most common are BaFe12O19 and SrFe12O19. 

Raw materials for their production are well-available and cost-effective [1]. The ferrite magnet's superior 

properties are brittleness, hardness and corrosion resistance. Due to their very high brittleness they require 

grinding using a diamond wheel [3]. They are highly efficient and are not easy to demagnetize 

(demagnetization is a process that reduces the overall magnetic polarization in the magnet, also called 

demagnetization). They are also very resistant to chemicals such as thinners, weak alkalis and acids. 

Resistance to strong organic and inorganic acids is influenced by temperature, concentration and duration of 

action. They are the least powerful permanent magnets [1]. Ferrite magnets have a wide range of applications. 

Applications are found in the automotive industry as part of magnetic couplings and brakes, are applied as 

holding magnets in industry, office or household, are useful in toy manufacture, position sensors 

manufacturing, switches etc [2]. Each type of permanent magnet its specific production process. The common 

production technology for all types of magnet is powder metallurgy, the method by which a mixture of metal 

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 repaired in the required form. The ferrite magnet is 

produced by weighing Fe2O3 and SrCO3, subsequently mixing these two feedstocks with minimal spraying in 

the mixer. The dry mixture is delivered to granulator where the granules of 6 mm diameter are formed and 

calcined subsequently. Calcination is a high-temperature process in which one solid material is eliminated as 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

200 

a gaseous substance and the other forms a solid. The calcinate is then crushed on a continuous rod vibratory 

mill. Subsequently, the moulding is done in the desired form in dry form or in the form of an aqueous 

suspension. In dry form, isotropic magnets or magnets with the same magnetic properties in all directions are 

moulded. Anisotropic magnets, i.e. magnets with different properties in different directions, are compressed in 

the aqueous slurry. The final shape, size and toughness of the magnets are obtained by firing (sintering) at 

1200 °C. They are then magnetized and packaged and dispatched after the final check. 

2. EXPERIMENTS AND METHODS 

This study deals with the optimization of ferrite magnet production. The basic mechanical-physical parameters, 

the particle size distribution, the particle shape and the flow ability (angle of repose) have been determined for 

input raw material, ferrite metal powder. On the basis of measured data evaluation, specific steps were 

proposed to optimize the production of ferrite magnets and general optimization of weak points of storage and 

feeding processes by DEM modelling. 

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 

(∼1,200 °C) but the obtaining fine, high chemical homogeneity and monodispersed particles may not be easy. 

[5] Raw input material is shown in Figure 1. 

 
Figure 1 Raw input material 

2.2. Particle size distribution 

Particle size distribution of ferrimagnet material was determined by sieve analysis. The analysis was performed 

by Fritsch Analysette 3 Spartan Vibratory Sieve Shaker. The duration of sieving was 20 minutes with amplitude 

of 1.5 mm. The sieves from 63 µm up to 3,350 µm were chosen for testing procedure. At first, all of specimen 

was weighted. The sieves were arranged in order as the smaller openings sieve to the last and larger openings 

sieve to the top. After sieving process all of the sieves were weighted separately to each size class mass 
determination. The results of particle size distribution can be seen in Figure 2. 
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2.3. Angle of repose 

Angle of repose (AoR) is one of the basic properties of particulate materials that affect transport and storage 

in all areas of industry, e.g. food, construction, agriculture, energy or pharmaceutical industry. In contrast to 

liquids or solids, the granular material creates an angle of repose that depends on many of the material's 

properties. Parameters such as angle of internal friction, particle size and shape, size distribution, surface, 

moisture, electrostatic or cohesive forces may influence the value of the natural angle of repose. Angle of 

repose is also used as the basic calibration parameter for virtual materials in the DEM method. 

Patented device (Zenegero) for an angle of repose measurement was used [6]. Ferrimagnet material is poured 

into the cell (plate), while gradually creating the pile and surplus material falls into the receptacle. After the pile 

creation, the drive makes the cell rotating. The cell rotates around its vertical axis and the camera successively 

records a pile of all eight sides. The results were processed by the eScope software. 

2.4. DEM modelling 

A Discrete Element Method (DEM) is a more and more respected method for the numerical modelling of 

granular systems. Using the DEM, particulate material is simulated as a set of individual particles interacting 

with each other or with any other solid object within a storage, transport or process system. [7] The trajectory 

and velocity of each particle is calculated in discrete time steps, which provide a wealth of information such as 

collision frequency and duration of contact with adjacent particles. DEM simulations in this study were done 

using commercial EDEM Academic software. [8] Commercial codes like EDEM include a powerful graphical 

user interface that is linked to 3D CAD drawing formats. Due to computational constraints, the current DEM 

software has certain limits. There are also limitations on determining the input parameters necessary for 

simulation. All these limitations lead to uncertainty about the accuracy of DEM modelling, and often DEM 

simulations are qualitative rather than quantitative. [9] One of the key issues is still the representation of real 

particle shapes with particle size and number of particles. 

3. RESULTS AND DISCUSSION 

The particle size distribution of raw input material, measured by the methodology in Chapter 2.2, is illustrated 
in Figure 2. 

 

Figure 2 Particle size distribution 
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The granulometry analysis of the raw input material showed that the largest amount of particles was in the 

range from 1 mm and above. The measured results are consistent with the production requirements and 

therefore it can be stated that the production processes used are properly designed. The sieve analysis will 

be also used for the virtual material of DEM model definition. 

The angle of repose measured by the methodology given in Chapter 2.3 is shown in Table 1. 

Table 1 Angle of repose of input raw material determined by Zenegero method 

Measurement No. Angle of repose (°) 

1 38.9 38.4 38.6 

2 36.2 39.8 36.8 

3 38.8 37.9 38.9 

4 36.8 38.3 37.8 

5 39.6 38.8 37.5 

6 36.7 37.3 36.2 

7 37.9 35.4 39.8 

8 38.8 38.1 39.2 

Average value (°) 38.0±1.2 38.0±1.2 38.1±1.2 

Average value of angle of repose is 38.1° for the input material, the optimum angle of repose is 30°. The 
measurement results show that this part of the production process needs further optimization. It is necessary 

to work with this fact in production. 

The measured angle of repose of raw input material is shown in Figure 3. 

  

a) b) 

Figure 3 Raw input material measured by Zenegero method (a), AoR of virtual  

and real material comparison 

The Figure 3a shows the real shape of angle of repose of raw input material. It can be traced that the left part 

of the measured material is symmetrical. In the right part, there are irregularities that can make the production 

of the ferrite magnet disadvantageous. 

The raw input material is now transported in the production by a hopper, which can be seen in Figure 4a. This 

hopper has proven to be inappropriate because it stucks the material and creates dead zones, which disturbs 
the flow of the production process. In the Figure 4b is a final state of simulation of the discharging process, 

where the rest of the stuck material can be seen "death zones". 
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a) b) 

Figure 4 Original (unsuitable) hopper design (a), the particles stucked in the “death zones” (b) 

Using a DEM simulation a new shape of the hopper was designed (Figure 5b). The higher values of hopper 

angle will ensure mass flow of particulate material. Flow visualization is displayed in the Figure 5c. Particle 

size distribution and angle of repose were used to validate the method. Due to the optimization of the hopper 

geometrical shape, will be the hopper completely discharged and material does not stuck on the walls of the 

hopper. 

To visualize the flow of ferrite in the hopper was created virtual material in a form of the spherical particles 

according to the measurement of the real material. This material was set up according to the angle of repose, 

which is important for storage processes. The result of simulating of angle of repose of a virtual and real 

substance suggests that this method will be useful in practice. 

  

 

a) b) c) 

Figure 5 Original (a) and optimized (b) design of the hopper, visualization of hopper discharging process (c) 
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4. CONCLUSION 

The objective of this study was to optimize the production of ferrite magnets. A weak point was marked in 

inappropriate hopper design for raw input material storing. The analysis and evaluation of the processes and 

all the measurements made have shown that the hopper is unsuitable. Using a particle size distribution (in the 

range of 1 mm above), the angle of repose (38.1 ° for the input material) and DEM modelling, a hopper was 

designed. Due to the optimization of the hopper geometrical shape, the hopper is discharged and the material 

does not stuck on the walls of the hopper in simulation. DEM simulation seems to be appropriate for optimizing 

the shape of the hopper. 
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Abstract  

The article presents research results performed to determine the size and shape of non-metallic inclusions, on 

different steel production stages, for steel grades intended for long products. The tests were carried out under 

industrial conditions during normal production cycle, while casting of carbon steel groups. Samples were taken 

from liquid steel (“lollypop” probes) and from billet (as a disc shape with 20 mm thickness). The size and shape 

of inclusions was determined by quantitative analysis, according to a specific scheme. 

Keywords: Continuous casting, billet, non-metallic inclusions 

1. INTRODUCTION 

Nowadays, the concept of pure steel is characterized by the product not only with strictly controlled 

concentrations of harmful and undesirable elements, but also control of non-dissolved components in steel, 

which may cause structural defects in finished products. Particularly important is the separation of so-called 

non-metallic inclusions, which are formed during the refining of liquid steel. Non-metallic inclusions are formed 

as products of deoxidation and desulphurisation of steel, during solidification, as a result of a decrease in the 

solubility of alloy components and as a result of contamination of a metal bath with particles of a refractory 

lining or slag. Non-metallic inclusions adversely affect, among others, plasticity, deformability, brittleness or 

fatigue strength of steel [1-3]. Therefore, it is important to conduct research, including model studies, aimed at 

understanding the behavior of non-metallic inclusions during refining and casting of liquid steel. 

Non-metallic inclusions are removed from steel at several stages of its production, mainly during secondary 

steelmaking treatment, where the largest amount of inclusions are removed, but also during the flow of steel 

through the intermediate tundish or finally in the mould of the continuous steel casting machine. Although the 

basic premise for the widespread use of secondary steel treatment is to accelerate the course of production 

processes, the optimization of steel processing from the point of view of its "metallurgical purity" has become 

another important task. The basic and commonly used secondary treatment is blowing in liquid steel with inert 

gases. Thanks to the use of purging, not only the temperature and chemical composition can be homogenised, 

but also the oxide and sulfide content of non-metallic inclusions can be reduced; in addition, the beneficial 

effect of refining was found to reduce the number of inclusions in the liquid metal. There is also the possibility 

of removing non-metallic inclusions in the tundish and mould which was confirmed by the results of model 
studies presented in numerous works [4-6].  

To investigate the non-metallic inclusions removal process, first size and shape of inclusions occurring in the 

investigated steel grades has to be study. The main aim of presented results was to determine the geometric 

parameters (size and shape) of non-metallic inclusions. The probes were taken at various stages of steel 

production (secondary metallurgy station, tundish and billet). The gained information are extremely important 

to carry out further investigations (numerical simulations of non-metallic inclusions removal process). 

2. METHODOLOGY OF INDUSTRIAL INVESTIGATIONS 

The work is a part of a larger study on secondary metallurgy and continuous casting of high carbon steel 

intended for wire rods. In order to supplement and refine the input parameters for mathematical models 
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intended for numerical modeling of processes, appropriate industrial research was carried out. In this case, it 

concerned the determination of the size and shape of inclusions occurring in the investigated steel grades. 

Industrial research was carried out in the steelworks of one of the national steelworks. Carbon steel grades 

C45 and C60 were tested. In order to determine the initial parameters for modeling, first attempts were made 

to investigate the determination of the size of non-metallic inclusions and their morphology. Sampling took 

place during the normal production cycle, from the same heat. The samples were taken: 

• in the ladle furnace; 

• from a device for continuous steel casting (samples taken from a tundish); 

• from continuous ingots. 

Three tests were carried out at the ladle furnace after delivery of the steel ladle to the position of the Ladle 

Furnace station (LF) and 3 tests before transferring the steel ladle to the continuous steel casting station (end 

of the melt). In total, six samples were taken from the ladle furnace. Then, the samples were taken from the 

tundish while casting steel from the same steel ladle. The first tests were taken after pouring about 30 t of 

liquid metal and the next ones were collected after pouring about 120 t. Samples from the finished product 

were taken for the appropriate veins (principle of symmetry). The samples taken were intended not only for 

micro studies, but also for determining changes in the chemical composition of liquid metal during the 

technological process. 

The main purpose of this research was to determine morphology, to identify chemical composition and to 

measure geometric parameters of non-metallic inclusions. The main research was carried out with the 

INSPECT F scanning microscope. The tests were carried out at various stages of steel production. First, tests 

were carried out from liquid steel from the ladle furnace at the beginning of the steel working process. 

Subsequently, samples taken from the ladle furnace, tundish and samples taken from finished cast steel 

(billets) were tested. The research material was cut out and analyzed from the middle of the so-called lollipop 

sample taken from the ladle furnace and a tundish ladle. In the case of tests of non-metallic inclusions in the 

finished product, a map of the analyzed areas was determined. The order of the areas to be analyzed in the 

first and subsequent stages of the research was also determined. The areas subjected to microscopic analysis 
are shown in Figure 1. In the case of templets, tests were performed for areas 1,3,5,7 and 9. The identification 

of the chemical composition of non-metallic inclusions was made with the help of Energy Dispersive X-ray 

Spectroscopy (EDS). Commercial software was used to analyze the number and structure of non-metallic 

inclusions. The analysis was carried out on the photographs recorded by the scanning microscope. To describe 

the structural parameters, the following parameters were used: particle area [μm2], equivalent diameter [μm] 

and classic shape factor. The shape index was determined on the basis of Feret's diameters. 

 

Figure 1 Areas analyzed in samples from the finished product 
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3. TEST RESULTS 

Identification of chemical composition of inclusions and measurements of their geometrical parameters was 
carried out. Figure 2 shows an example of a scanning microscope image on which non-metallic inclusions are 

identified. Table 1 presents an example of chemical microanalysis for the analyzed inclusions shown in 

Figure 2. The analyzes were performed comprehensively for individual melts in the sequence. Tables 2  
and 3 present the results of the quantitative assessment of the structure of non-metallic inclusions in the 

sample taken from the tundish and the finished product for the given smelting, respectively. 

 

Figure 2 Image of non-metallic inclusions in the analyzed sample taken from the ladle furnace, area 2000x 

Table 1 An exemplary chemical composition from the surface of a sample taken from a ladle furnace (wt. %) 

No. C O Al S Ca Mn Fe 

1 0.9 - 1.06 16.29 7.10 18.64 56.01 

2 - - - 32.4 - 47.49 18.13 

3 1.11 4.79 0.56 34.95 - 3.11 85.39 

4 - - - 34.99 - 53.76 11.25 

Table 2 Sample analysis of non-metallic inclusions in a sample taken from a tundish 

 surface area (µm2) equivalent diameter (µm) shape factor (-) 

average 4.01 1.87 0.93 

standard deviation 5.13 1.28 0.14 

minimum 0.14 0.42 0.44 

maximum 19.66 5.00 1.00 

share of the area (%) 0.23  - 

the number of inclusions 56 - - 

Table 3 Sample analysis of non-metallic inclusions in a sample taken from a finished product 

 surface area (µm2) equivalent diameter (µm) shape factor (-) 

average 3.13 1.84 0.99 

standard deviation 2.74 0.77 0.06 

minimum 0.46 0.77 0.59 

maximum 14.18 4.25 1.00 

share of the area (%) 0.06 - - 

the number of inclusions 46 - - 
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4. CONCLUSION 

Studies on the identification of the chemical composition of non-metallic inclusions were carried out and 

measurements of their geometrical parameters were made. Samples for testing were collected during the 

normal production cycle. Based on the conducted chemical composition tests of identified inclusions, the 

presence of mainly composed manganese sulphides and calcium-modified sulphides was found. After 

analyzing the amount and structure of inclusions, it was found that in samples taken from the so-called 

"lollipops" (samples from LF and tundish), the share of the area (in %) of inclusions for all analyzed probes 

range from 0.07 to 0.44% (0.23 for given in article example probe). While in the case of samples taken from 

the templets, the value of the share of the area (in %) range from 0.06 to 0.35% (0.06 for given in article 

example probe). The diameters of analyzed non-metallic inclusions range from 1 to 19 μm. According to the 

shape of detected inclusions, in case of the classic shape index, for most of the inclusions its value is close to 

one, so it can be assumed that the majority of analyzed non-metallic inclusions has a globular shape. The 

information obtained from industrial research is extremely important to carry out further numerical simulations. 
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Abstract  

In modern metallurgical processes, the mixing of a metal bath is a basic operation that allows achieving  

a state of close chemical and thermal homogenization of liquid steel after the insertion of the alloy addition. 

Mixing also increases the efficiency of removing non-metallic inclusions. Research into metal bath mixing 

processes contributes to the optimization of steelmaking processes. 

The article presents the calculations made at the conditions prevailing in a ladle furnace with a volume  

of 145 Mg liquid steel. The effect of mixing power of argon on chemical homogenization bath was determined. 

The mixing power values for the argon flow rates in the ladle QAr = 100-500 [dm3/min] were calculated. 

Keywords: Steelmaking, ladle furnace, mixing power 

1. INTRODUCTION 

The modern steel industry uses metal bathing in almost all stages of production of liquid metal. It uses various 

metallurgical aggregates for this purpose. During the smelting of steel in the oxygen converter there is obvious 

mixing with oxygen introduced through the lance or additional nozzles mounted in the bottom  

of the converter. In addition, the metal movement is often intensified by inert gas blown in with the fittings 

embedded in the bottom or side walls of the converter. Also in modern electric furnaces there are oxygen 

lances and gas-permeable fittings whose task is to mix the charge in order to melt it faster. Nevertheless,  

the mixing of baths is most widely carried out at the post-furnace work stations, including the most common 

ladle furnace (LF) [1-4]. 

Argon is blown into metal baths through the porous shaped body proceeds with the intensity necessary  

to induce a turbulent flow able to excite the circulation of liquid steel. This movement, in turn, is necessary  

to achieve a state close to complete chemical and thermal homogenization of the liquid steel after the 

introduction of the alloy addition and before leaving the ladle for the continuous casting of steel. Depending on 

the current needs, the operator of the ladle process has full control of the mixing of the bath by regulating the 

gas flow rate. Another positive effect of gas injection is the adhesion of non-metallic inclusions to floating gas 
bubbles, and thus their capture from liquid metal and removal from the metal bath to the slag [2,4]. 

All these positive aspects of the metal bath mixing process through inert gas are widely used in practice  

and researched by scientists to further optimize steelmaking processes. Research is necessary to identify 

specific parameters of technological processes. They can be partially carried out directly on industrial 

equipment working with the use of control and measurement equipment mounted on them. The results  

of such so-called industrial tests have a very high practical significance, because they allow the direct 

application in real conditions. Unfortunately, due to the specificity of the conducted processes in metallurgical 

devices, the industrial research is limited in scope and usually concerns individual measurements. These 

restrictions also apply to the study of phenomena occurring in the steel ladle at the LF stand. In situations 

where it is not possible to obtain the required information directly on the working device, model tests using 
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physical or numerical modeling techniques are carried out [4-6]. Such studies have - due to the simplifications 

used. 

The paper presents the effect of certain assumptions regarding the initial conditions of the numerical model of 

the argon injection into the steel bath, in particular the liquid steel parameters, on the parameters of the entire 

LF process, in particular on the calculated mixing power. 

2. MIXING ALLOY ADDITION IN THE INDUSTRIAL LADLE FURNACE 

As mentioned, the injection of argon into the bath is a commonly used secondary metallurgy treatment, 

including refining at the LF station [2]. Despite the simplicity of the design of the device itself, mixing the metal 

bath for chemical and thermal homogenisation in the ladle furnace is a complex phenomenon. It is attempted 

to describe it by means of a characteristic sequence of physical partial processes while using data from model 

experiments. Despite the variety of attempts, the mixing description always uses the characteristic behaviors 

and characteristics of such elements of the system as the gas bubble, its motion and the structure and 

properties of the gas-liquid column. 

Transmission of gas energy to the liquid takes place as a result of interphase interaction at the contact surface 

of the two-phase column and liquid. It depends to a large extent on the quantity, size and shape  

of gas bubbles generated during injection. This energy causes a turbulent movement of the liquid steel, turning 

into a circulating flow. In the majority of studies presented in literature, no analysis of the impact  

of individual gas bubbles is undertaken, devoting more attention to the global aspects of the steel mixing 

process after introducing the alloy addition to the metal bath. 

MIXING TIME 

Monitoring changes in marker concentration by determining the chemical composition of metal samples taken 

from the same place at several second intervals would reveal the existence of mixing characteristics.  
Figure 1 presents an example of the characteristics obtained from industrial measurements, changes  

in the concentration of the alloy addition during the argon process at the ladle furnace station. 

 

Figure 1 Cr concentration in the metal bath during agitation with argon [6]  
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CHARACTERISTICS OF TIME OF MIXING 

The potential inherent in modern mathematical modeling and numerical simulation techniques allows such  

a range of substantive penetration of phenomena that we find sufficient argumentation to disprove  

the contradictions and show their sources. It was decided to use this route to find out the probable mechanism 

of chemical homogenization and thermal metal bath in a ladle and propose a formula for determining the time 

necessary to achieve the required state of homogenization. 

According to literature [7-10], mixing is considered to be pre-filled when 95 % homogenisation of the bath  

is reached, which corresponds to Cb ∈ 〈0.95; 1.05〉 or as satisfied when the degree of bath homogenisation 

reaches 99.5 %, which corresponds to Cb ∈ 〈0.995; 1.005〉. An exemplary characteristic illustrating  

the change of the dimensionless marker concentration during the argon injection into the metal bath  
is shown in Figure 2. Additionally, the upper and lower limits of the 95 % chemical homogenization band  

of liquid steel defined as Y = Cb·100 % were applied thereon. 

 

Figure 2 Exemple of changes of dimensionless marker concentration during argon injections into  

a metal bath 

Own research and literature data [11] show beyond any doubt that the determined mixing time depends  

on the location of the monitoring point (in the zone of so-called stagnation flows, called the dead zone,  

it is much longer). Since the characteristics as well as time needed to reach the expected homogenization 

level differs from each other; it is usually assumed that the longest of them should be taken as the total mixing 

time. 

3. THE POWER OF ARGON MIXING 

More universal than the gas flow rate, the characteristic feature of mixing is the amount of energy that, through 

the buoyancy of bubbles and their thermal expansion, disperses when blowing argon into a metal bath. The 

parameter used for this purpose is suitable for the so-called mixing power (εm), expressed in W/t or in W/kg 

steel. 

In the available literature there are a number of dependencies determining the effective mixing power 

transferred to liquid steel by the injected gas [1,7-10], two dependencies deserve attention: 
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legend: 

εm - power of mixing, W/t (1) or W/kg (2), 

Q - gas flow rate, m3/min (1), m3/s (2), 

T - temperature, K,  

M - steel mass, t (1) or kg (2), 

H - height of the metal column, m  

g - acceleration of the earth = 9,81 m/s, 

ρ - liquid steel density, kg/m3 

Po - gas pressure over the metal mirror, atm (1) or Pa (2). 

The presented relationships between (1) and (2) cover the kinetic energy of the gas flowing out  

of the nozzles and the energy transmitted to the liquid during the isothermal expansion of rising bubbles  

in the gas-liquid column. 

In dependence (1) there is a density of liquid steel for which the calculation also has a number of dependencies, 

taking into account only the C content, e.g. [12]: 

         (3) 

legend: 

ρst - density of liquid steel, kg/m3, 

T - temperature, °C, 

C - carbon content in steel, wt% 

In order to analyze the formulas used to represent the proper mixing power of a steel bath, it was decided  

to carry out exemplary calculations. 

The calculations were performed for a 145 Mg steel ladle furnace, in which the height of the metal column  

is 2.9 m. To study the effect of the total proper argon mixing power for chemical bath homogenization,  

the values of this power were calculated for the gas flow rates used in the vessel QAr ∈〈100; 500〉. 

Alloyed steels with a C content of 0.20 to 0.29 % by mass were analyzed. The calculated values of liquid steel 
density using the dependence (3) are shown in Table 1. 

Table 1 Calculated steel density at different C content (wt%) 

C 
(wt%) 

Temperature 
(K) 

Density 
(kg/m3) 

0.20 

1853 

7,014.2 

0.22 7,015.6 

0.29 7,020.5 
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As can be seen from the data in Table 1, the calculated values of liquid steel density do not differ too much 

from each other. On the basis of the liquid steel density value (Table 1), the mixing power (Table 2) was 

calculated from the dependence (1) for four gas intensities and different densities, assuming a steel 

temperature of T = 1,853 K. 

Table 2 The calculated mixing power for different steel densities 

QAr, 

(dm3/min) 

Density of liquid steel accepted for calculation 

(kg/m3) 
Difference 

(W/t) 7,014.2 7,015.6 7,020.5 

Power of mixing, m 

(W/t) 

100 8.595 8.596 8.600 0.005 

150 12.893 12.895 12.900 0.007 

200 17.191 17.193 17.200 0.009 

250 21.488 21.491 21.500 0.012 

300 25.786 25.789 25.800 0.014 

350 30.084 30.087 30.100 0.016 

400 34.382 34.386 34.400 0.019 

450 38.679 38.684 38.700 0.021 

500 42.977 42.982 43.000 0.024 

As can be seen from the calculations presented in Table 2, the density of liquid steel used in calculations does 

not have a large impact on the calculated mixing power. 

The calculated values of the mixing power according to the dependence (1) for = 7,020.5 kg/m3 and (2)  

for the gas flow rates in the ladle QAr ∈〈100; 500〉 are included in Table 3. 

Table 3 Mixing power (W / t) determined from the presented equations for different argon flow rates 

QAr, 

(dm3/min) 

Mixing power,  ∑m 

(W/t) 
Difference 

(W/t) 
eq. (1) eq. (2) 

100 8.600 11.583 2.982 

150 12.900 17.374 4.474 

200 17.200 23.165 5.965 

250 21.500 28.956 7.456 

300 25.800 34.748 8.947 

350 30.100 40.539 10.439 

400 34.400 46.330 11.930 

450 38.700 52.122 13.421 

500 43.000 57.913 14.912 

Table 3 clearly shows that the correct mixing power of a metal bath is higher for calculations using the 

dependence (2) in which it does not take into account the liquid density of the steel. 
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4. CONCLUSION 

Valid data for numerical calculations is necessary to carry out the simulation, whose results will be the basis 

for proper inference. From the calculations it follows that if various formulas are used to determine the liquid 

steel density is of little importance, there are different formulas for determining the mixing power in the ladle 

furnace they are already important (reaching even several dozen percent). Therefore, the goal the next tests 

should be to carry out numerical simulations for different process input parameters. 
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Abstract  

Due to the specific requirements for monitoring processes and products in the aircraft industry, non-destructive 

testing (NDT) is increasingly used in combination with advanced statistical analysis. 

The paper presents the results of research aimed at determining the quality of wax models and multi-layered 

ceramic forms, used for precise casting of critical parts of aircraft engines. Studies on the shape and 

dimensions of wax models and ceramic moulds were made by 3D scanning using the GOM ATOS CORE 200 

scanner. A map of dimensional deviations, created as a result of comparison of scanned wax models with 

CAD models, was created. The thickness of the moulds was determined by comparing the dimensions 

obtained by scanning 3D wax models and ceramic forms. 

The obtained measurements were then subjected to advanced statistical processing using selected Six Sigma 

tools. The analysis was carried out in several separate areas of both wax models and forms. The basis of the 

analysis were the results of measuring 30 points in each of the measurement zones of the blades and moulds 

models. The consistency of the results with the normal distribution based on the empirical cumulative 

distributor was verified. The Anderson-Darling test was adopted based on the weighted distance between 

empirical and theoretical counselor.  

Keywords: Six Sigma, investment casting, statistics, 3D scanning 

1. INTRODUCTION  

In the aviation industry, due to the specified requirements for monitoring processes and products, non-

destructive testing methods correlated with advanced statistical analysis are increasingly used. One of the 

innovative and very accurate way of measuring is 3D scanning [1] involving the use of a 3D scanner to take a 

series of images saved in an .stl file and then processing them with the use of dedicated software for scans 

enabling determination of shape and dimensions at each point of the tested object. The application of this 

method in aviation has been presented in the article [2]. A precise statistical analysis of the results obtained is 

possible, among others, using the mathematical apparatus used in the Six Sigma methodology [3]. The paper 

presents the results of tests of model sets and multi-layered ceramic forms used, among others, for the 

production of critical parts of aircraft engines in the form of turbine blades produced using the lost wax method 

[4]. On 3D model sets and ceramic molds 3D measurements were made and the results were subjected to 

detailed statistical analysis in 9 zones characteristic for turbine blades. The results allowed to obtain 

information on the possible shrinkage of wax models and the thickness of the ceramic mold. 
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2. METHODOLOGY 

The primary objective of the research was the dimensional characterization of wax blades (M1, M2, M3 - 
Figure 1a) and multi-layered ceramic forms (F1, F2, F3 - Figure 1b) based on 3D scanning results obtained 

using the Atom Core scanner from GOM. In the case of wax models, the results of the scan were compared 

with the CAD models, resulting in dimensional deviations resulting from, for example, a wax shrinkage or non-
fill (Figure 1a). In the case of ceramic molds, the results of the scan were aligned with the results of the wax 

model scanning, resulting in the thickness of the mold (Figure 1b). 

a) b) 

  

Figure 1 3D scan of a wax model kit (a) and a ceramic mold (b) 

In the model of the blade and mold, 9 measurement zones S1 - S9 were separated (Figure 2). The basis of 

the analysis were the results of measuring 30 points in each of the measuring zones of blade and mold models 
(Figure 3). The consistency of the results with the normal distribution was verified based on the empirical 

cumulative distributon function. The Anderson-Darling test was adopted based on the weighted distance 

between empirical and theoretical distributon functions. Results with a large deviation from the normal 

distribution were discarded. It was found that the remaining results correspond to the normal distribution and 

provide a good basis for statistical analysis. 

The mean value, standard deviation, the minimum and maximum value of the dimensional deviation from the 

nominal values were determined for each measuring field of the model and the mold. 

 

Figure 2 Measuring zones of the wax model: S1 - S4, S9 and ceramic mold S5-S9,  

KS - trailing edge, KN - leading edge  
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a) b) 

 
 

Figure 3 Sample results image obtained from scanning a wax model (a) and a ceramic mold (b) 

The aim of the comparative statistical analysis was to determine the degree of dependence of the obtained 

results from the measurement zone of the blade model and the blade form (S1 - S9). The comparative analysis 

was conducted on the basis of the nonparametric test of the one-way analysis of variance (ANOVA) at the 

level of significance α = 0.05. 

3. RESULTS 

On the basis of the analysis of the measurement results, dimensional characterization of wax models and 

ceramic forms in the designated measurement zones S1 - S9 was made. The results of the analysis are the 

basis for further dimensional analysis of the casting process after the casting. 

3.1. The results of research on wax models 

Figure 4 shows the results of mean value and standard deviation for M1, M2 and M3 in zones S1 - S9. 

a) b) c) 

   

Figure 4 Box plots of mean value and standard deviation for the wax model of the blade M1 (a), 

M2 (b) and M3 (c) 
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It was found that the greatest values of deviation from the nominal value are characteristic for zones S4 and 

S8 (blade root) ± 0.996 mm. S9 zone (blade shelf) characterizes the maximum value of deviation  

±0.562 mm. While blade surface (S1 - S3 and S5 - S7) is characterized by a large spread of results. There are 

deviation values even up to 0.997 mm but there are few of them - over 80 % of the results do not exceed the 
deviation of 0.583 mm. Graphical interpretation of measurement results (Figure 5) indicates that there are no 

differences between the populated populations. However, statistical tests have shown that the differences are 

significant. As a result of the statistical analysis, it was found that there are no grounds to accept the hypothesis 

H0 on the significance level α= 0.05 for all hypotheses (1) - (3).  

Yf: �;� � ����             (1) 

Yf: �&��� � �&�8� � �&�9�          (2) 

Yf: �&��1� � �&��2� � ⋯ � �&��9�         (3) 

where: 

Yf � null hypothesis 

� - variance 

; � parallel set 

�� � serial set 

� � thin non-profiled blade 

8 - thick non-profiled blade 

9 - profiled blade 

�1 � �9 � zones defined on Figure 2 

Due to the large differences in the variance between zones describing surface, root and shelf of the blade 
(Figure 6), it was assumed that these zones can be treated integrally and analyzed separately in further 

research after the mold creation and casting. 

   a)       b) 

  
Figure 5 The deviation from the nominal value for the measurement zones of the blades model (a) and 

difference in variance deviation value for blade measurement zones (ANOVA analysis) (b) 

3.2. The results of the ceramic form testing  

The roughness / graininess of the surface of the ceramic mold is high and results in a large spread of results 

depending on the position of the measuring point - in the cavity of the mold or on the ceramic grain. The value 

of the scatter of results is large and therefore varies from 2.2 to 9.3 mm. Hence, some sets of measurement 

results do not fulfill the normal distribution requirement. However, due to the specifics of the casting surface of 

the ceramic form they have been included in further calculations. 
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a) b) c) 

 
  

   

Figure 6 Box plots of the mean value and standard deviation for the mold F1 (a), F2 (b) and F3 (c) 

On the basis of the analysis of the measurement results, dimensional characterization of ceramic forms in the 

designated measurement zones S1 - S9 was made. It was found that the greater spread of the range of 
deviation from the nominal value is 5.20 / 13.74 (Figure 7). 

 

Figure 7 The deviation from the nominal value for the measurement zones of the blades mold 

As a result of the statistical analysis, it was found that the value of the test statistic p for all hypotheses (4-5) 

is <0.05. There are no grounds for accepting the H0 hypothesis at the significance level of α = 0.05. Hence, it 

was assumed that the type of the casting set and especially the side of the blade surface (suction side shell 

vs pressure side shell) significantly influence the results of the deviation from the nominal value of ceramic 
molds (Figure 8 a, b). Higher values of deviations in the serial model set occur from the suction side.  

Hf: �R� � �Sz�            (4) 

Hf: �S1� � �S2� � ⋯ � �S9�          (5) 

with notation as in equations (1) - (3). 

The reference of the results of dimensional analysis of the ceramic mold to the results of the measurement 

analysis of wax models allows to determine the thickness of the casting mold. The average thickness of the 

mold is 9.12 mm. However, the analysis of the casting mold thickness results in the designated zones 
confirmed the trends observed for the results of deviation from the nominal value (Figure 8c). 
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a) b) c) 

   

Figure 8 Difference in mean deviations for the blade mold measurement zones (ANOVA analysis); blade 

surface (a), blade root (b). Thickness of the casting mold - average values (c) 

The largest mold thickness is for the S1-S3 area and is approximately 10 mm. For the S4-S8 area, the 

thickness is 9 mm and in the area of S9 it is approx. 8 mm. The results indicate the variation in the thickness 

of the mold, which can consequently result in the different heat dissipation of the mold after its flooding and 

the casting defects of the blades. 

4. CONCLUSION 

As a result of the analysis of the obtained results, the following conclusions were formulated: 

• The distribution of deviations from the model of the blade model in the range of ±1.0 mm will allow a 

detailed assessment of the applied measurement method. 

• The results from measurement zones S1-S9 separated on the blade should be analyzed separately due 

to the existence of significant differences already at the stage of measuring the wax model. 

• Also for the mold, the results obtained from individual zones differ significantly which confirms that 
analyzing them separately was necessary. 

• The differences in the thickness of the form in the zones described are most likely caused by the position 

in which the form drying. 

• The differences in the thickness of the mold are so large that they can have a significant impact on the 

way the metal solidify inside. 
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Abstract 

Metallurgical processes of steel production are strongly connected with knowledge of the thermo-physical and 

thermodynamic properties of liquid metal during individual technological steps. Critical factors describing 

behaviour of steel in the process of its solidification and then important to a correct setting of conditions  

of steel casting and solidification of steel, which significantly affect the final quality of the as-cast steel, are 

liquidus (TL) and solidus (TS) temperatures.  

Experimental determination of these temperatures (or generally additional phase transformation temperatures) 

can lead to the refinement of all these phase transformation temperatures as well as to a more precise 

determination of the interval of steels’ solidification. Utilization of this approach, e.g. in the process of optimizing 

the technology of ingot or continuous casting, could lead to achieve more accurate results moreover in direct 

connection with numerical simulations, and thus a better knowledge of the impact of optimized technological 

parameters on the resulting quality of cast steel.  

The paper is devoted to the application of method of Design of Experiment (DOE) to analyse and clear 

quantification of the impact of experimental conditions on the experimental results (measured data) of direct 

thermal analysis method (DirTA). First of all, it is a way to find a new approach to quantify and verify a statistical 

significance of experimental effects (influence of experimental conditions) on obtained phase transformation 

temperatures. The developed method allows filtering relevant data from individual thermo-analytical 

experiments for final calculation of high temperature phase temperatures more precisely than it was possible 

ever before. This is crucial for proper liquidus and solidus and liquidus temperatures’ recommendation to real 

conditions. 

Keywords: Steel, nickel, direct thermal analysis, design of experiment, experimental conditions  

1. INTRODUCTION 

Method DOE (Design of Experiments) means a gradual, conscious setting of selected controllable input factors 

and monitoring the impact of these factors on the output parameters (response) [1]. The combination of input 

factors is an optimized mathematical model in which maximum resolution can be achieved for the significance 

of factors and their interaction with as small a step as possible and a test experiment. DOE goal is to design 

and implement a plan of the experiment, by which it can be determined whether a particular factor or 

combination of these factors influences the monitored variables, or to find a level of factors which allow 

reaching / finding the optimum value of the monitored quantity. DOE allows study the effects of several factors 

by testing at various levels [2].  

DOE in this case to the area of experimental studies of phase transformation temperatures of the steel during 

its solidification is applied. Specifically, it is used to refine the liquidus and solidus temperature in real 

industrially produced steel grades (continuously cast billets / ingots), which were determined by high-
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temperature Direct Thermal Analysis method [3]. It is obvious that the use of knowledge of actual liquidus 

temperatures can significantly influence the process of optimizing the production of ingots as well as 

continuously cast billets, both in the direct treatment of casting temperatures or in the setting of boundary 

conditions of numerical simulations [4,5]. Verification of the usability and implementability of the results in 

industrial practice can contribute to optimize the casting and solidification of steel. 

2. SPECIFIC RESEARCH OVERVIEW, SPECIFICATION OF RESEARCH FOCUS 

For this purpose, up to 26 steel grades (ingots and continuous cast billets) by the DirTA method were measured 
and the temperatures of liquidus and solidus (on experimental background of analyses in the Figure 1) were 

determined. An overview of the analysed steel grades in accordance to European standards and API standards 
is shown in Table 1. 

 

Figure 1 Experimental background of analyses  

Table 1 Overview of the analysed steel grades 

Continuously cast billets Ingots 

� steel samples from continuous cast billet with small 
and large diameter (Ø130 - 400 mm) 

� samples from steel ingots used in conditions  
of processing of forgings  

� steel for tubular steel production in oil fuel and natural 
gas extraction industry (oil fuel / gas pipelines, casing 
pipes); steel used in conditions of power industry 
(boiler tubes) 

� thick steel plates, blocks, pads, bars designed for 
special machine engineering elements from tool 
steel, bearing steel 

� steel designation according to European standards: 
EN 10280-1, EN10210-1, EN 10216-1. EN10216-2, 
EN10224, EN10297-1 

� steel designation according to European standards 
EN 10027-1: designation according to chemical 
composition of  

� steel designation according to API standards: API 5L - 
steel grade A, B, X42, X46, X52, X56, T95; API 5 CT - 
steel grade J55, K55, L80-1, N80-1, N80Q, P110, 
Q125; SAE 1526; SAE 1518; SAE 1527; SAE 4125 

� samples of steel grades 100CrMo6, 100CrMo7, 
X37CrMoV5-1, 56NiCrMoV7, 40CrMnNiMo8-6-4, 
X40CrMoV5-1, X37CrMoV5-1, 51CrV4, 
34CrAlNi7, 40CrMnMo7 

3. METHODOLOGICAL EXPERIMENT OF PURE NICKEL STANDARD 

In relation to refine the liquidus and solidus temperatures of real steel grades, the series of methodological 

experiments on pure standard metal (nickel) were preceded [3]. The purpose of those methodological 
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experiments was principally a verification of the suitability of the use the DirTA method and used experimental 

arrangement (experimental system) to generating relevant and reproducible results, and then to quantify the 

value the temperature correction for experiments of real steel samples. But, with thus also relates the further 

study of the behaviour of the pure standard metal during the experiment and to identify the effects of the 

experimental conditions on the experimental phase transformation temperatures.  

Now, in addition to the standard approach, the effects of experimental conditions on the value of the melting 

point or solidification point temperatures of pure nickel by application of the method of Design of experiments 

(DOE) were quantified. After the identification the statistical significance of studied influential factors (some 

key effects) of experimental conditions and detection of the deviations on the pure standard, DirTA method, 

including the DOE application of the entire series of experiments on real steel grades was applied.  

3.1. Use DOE on a pure nickel standard 

Method of planned experiment DOE to the evaluation, resp. more precisely quantification of the statistical 

significance of effects of these selected factors of experimental conditions were used: 

� statistical significance of sample mass influence,  

� statistical significance of heating or cooling rate influence, 

� statistical significance of the experimental mode influence (linear heating / linear cooling conditions), 

� statistical significance of the influence of the using the sequences in DirTA experiments. 

Design of Experiment (DOE) in STATGRAPHIC Plus software was realized. 

3.2. Plan of DOE: Statistical significance of the effect of sample mass and heating rate to melting 
point and solidification point temperature 

In accordance with the theory of DOE [1,2], a melting point or solidification point temperature of the nickel 

standard were successively chosen as the study response (the quality indicator (Y)). Factors influencing the 

defined response are: the weight of the sample (M) and the heating rate (Rheat), and follow the cooling rate 

(Rcool). In this case of DOE construction focused on evaluation the statistical significance of the effect of 

sample mass and heating rate, the two DOE application were provided. The first one was - planned experiment 
of the nickel samples of weights 10 and 20 g (Table 2) and the second one was DOE construction at a reduced 

sample mass interval (17 and 20 g), Table 3. 

Table 2 Overview of the factors and levels used for DOE construction 

Factor Mark of factor Lower level Upper level 

sample mass (g) M 10 20 

heating rate, resp. cooling rate (°C⋅min-1) Rheat, resp. Rcool 5 20 

For first DOE application - an evaluation of the statistical significance of the sample mass and consequently 

the effect of heating or cooling rate, represent the lower and upper levels of the observed factors: 

• sample mass (M) - two extreme weights of nickel sample (lower and higher, it means 10 g and 20 g) for 

which DOE was assembled,  

• in case of heating and cooling rate effects, the lower and upper factor levels correspond to two different 

heating or cooling rates. Again one lower (5 °C⋅min-1) and one higher (20 °C⋅min-1). 

And then, one more application of DOE (the second one) for the same combination of factors nonetheless at 

a reduced sample mass interval (17 g and 20 g) with the using already identical heating or cooling rates as in 
the first case of realized DOE (with samples weighing 10 g and 20 g), were designed, Table 3. 
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Table 3 Overview of the factors and levels used for DOE construction at a reduced sample mass interval 

Factor Mark of factor  Lower level Upper level 

sample mass (g) M 17 20 

heating rate, resp. cooling rate (°C.min-1) Rheat, resp. Rcool 5 20 

Correspondingly to the previous DOE construction, the lower and upper factor values represent: 

• sample mass (M) - new selected mass of nickel sample (one lower and higher: 17 g and 20 g), 

• the heating and cooling rate (Rheat, Rcool) included in the planned experiment, again one lower one  

(5 °C⋅min-1) as lower level and one higher (20 °C⋅min-1), which was the upper level of the DOE. 

With regard to a sufficient number of experiments for all combinations of M and Rheat (or Rcool) levels, complete 

two-level full factorial designs using the measurable (numerical) description of the variables (factors) were 
prepared for each response (Table 4 - Table 7).  

Individual DOEs differ in Y-values, determined by DirTA, esp. in linear heating conditions, resp. linear cooling 

(melting point temperature, resp. solidification point temperature) and in sample mass interval. 

Table 4 DOE in STATGRAPHIC Plus software: statistical significance of effect of sample mass and heating  

   rate to melting point temperature 

Run M Rheat Y (melting point) 

YY1 

10 5 1,449.0 

20 5 1,449.0 

10 20 1,452.0 

20 20 1,450.4 

Y2 

10 5 1,451.0 

20 5 1,449.0 

10 20 1,450.3 

20 20 1,451.0 

Table 5 DOE in STATGRAPHIC Plus software: statistical significance of effect of sample mass and cooling  

   rate to solidification point temperature 

Run M Rcool Y (solidification point) 

Y1 

10 5 1,444.1 

20 5 1,448.4 

10 20 1,445.5 

20 20 1,447.4 

Y2 

10 5 1,439.7 

20 5 1,445.5 

10 20 1,441.4 

20 20 1,446.3 
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Table 6 DOE in STATGRAPHIC Plus software: statistical significance of effect of sample mass at a reduced  

   sample mass interval and heating rate to melting point temperature 

Run M Rheat Y (melting point) 

YY1 

17 5 1,448.7 

20 5 1,449.0 

17 20 1,448.2 

20 20 1,450.4 

Y2 

17 5 1,445.0 

20 5 1,449.0 

17 20 1,450.9 

20 20 1,451.0 

Table 7 DOE in STATGRAPHIC Plus software: statistical significance of effect of sample mass at a reduced  

   sample mass interval and cooling rate to solidification point temperature 

Run M Rcool Y (solidification point) 

Y1 

17 5 1,445.2 

20 5 1,448.4 

17 20 1,445.2 

20 20 1,447.4 

Y2 

17 5 1,441.8 

20 5 1,445.5 

17 20 1,444.6 

20 20 1,446.3 

3.3. Plan of DOE: statistical significance of the effect of the temperature of experimental mode and 
using the sequences in the DirTA experiments on the melting point and solidification point 
temperature  

In accordance with the theory of DOE [1,2], the planned experiment of DOE for new selected influential factors 

were designed. As defined responses (Y), either the melting point or the solidification point temperatures was 

chosen. Statistical significance of effect of temperature mode (R) in which the phase transformation 

temperature was determined (under the linear heating conditions (H), or under the linear cooling conditions 
(C)), and from which sequence (S) of the experiment (from 1st or 2nd cycle). The factors influencing the defined 
quality indicator (Y) and whose significance were detected by DOE, is shown in Table 8.  

Table 8 Overview of the factors and levels used for DOE construction 

Factor Mark of factor Lower level Upper level 

regime of experimental mode R linear heating (H) linear cooling (C) 

turn of sequence S 1st cycle 2nd cycle 

In this case of DOE construction, the lower and upper factor values represent: 
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• experimental mode is represent by the type of temperature mode: the lower level of the factor indicating 

the temperature type of experimental mode represents linear heating mode (H) and the upper level 

represents linear cooling mode (C),  

• the turn of sequence is represent by 1st cycle of experiment run as lower level and by 2nd cycle of 

experiment run as upper level of studied factor.  

Based on definition of the factors and individual lower and upper levels using the categorical description of the 

variables (factors), a full factorial design of DOE on two-levels for all combinations of R and S to examined 
response was design (Table 9). 

Table 9 DOE in STATGRAPHIC Plus software: statistical significance of effect of the regime of temperature  

   mode sample mass and turn of sequence to melting point or solidification point temperatures 

Run R S Y (melting point or solidification point) 

YY1 

H 1 1,444.0 

C 1 1,445.7 

H 2 1,446.0 

C 2 1,440.2 

Y2 

H 1 1,445.0 

C 1 1,444.4 

H 2 1,446.2 

C 2 1,442.1 

3.4. DOE results and discussion  

Statistical significance of all above defined and explained factors is tested at a significance level α = 0.05 for 

a confidence level of 95 % through a P-value that indicates in STATGRAPHIC Plus software terminology their 

statistical significance. The critical significance value is 0.05. If the P-value effect is less than the critical 

significance value (i.e. 0.05), the effect of the observed factor is statistically significant. As the model captures 

the individual data, the R-squared value (adjusted to degree of freedom) tells us how the model computes the 

data.  

Estimated effects for nickel standard due to evaluation the statistical significance of the effect of 
sample mass and heating or cooling rate to melting point and solidification point temperature 

Chosen factors (sample mass and heating and cooling rate) were tested for statistical significance for each of 
their effects, Table 10.  

From discussion focused on study of mass and heating rate effect on melting point temperature for wider mass 
interval <10;20> grams (Table 10) it can be said, that for combination of studied factors wasn’t indicated 

statistical significant effect. This conclusion was confirmed by P-values of these effects, which are higher than 

critical significance value (0.05). However, a combination of factors of sample mass and cooling rate to 

solidification point and DOE result proved the statistical significance of sample mass analysed under the linear 

cooling conditions (P-value 0.011) and this DOE model fits the data file very well (90.35 %).  

If focused on study of mass and heating/cooling rate effect on melting/solidification point temperature for 
reduced mass interval <17;20> grams (Table 10), it can be stated that results are similar to above discussed 

wider mass interval <10;20>. Only during cooling regime exists statistical influence also of sample mass on 

final solidification point temperature. R-squared values are also close to above discussed.  
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Table 10 Analysis of statistical significance of effects of studied factors  

Mass interval (g) Studied factors P-value 
Statistical 

significance 
R-squared 

adjusted value 

<10;20> 

sample mass  
and heating rate 

sample mass 0.4139 NO 

30.65 % heating rate  0.1599 NO 

interaction  0.7435 NO 

sample mass  
and cooling rate 

sample mass 0.011 YES 

90.35 % cooling rate  0.4043 NO 

interaction  0.351 NO 

<17;20> 

sample mass  
and heating rate  

sample mass 0.3036 NO 

29.12 % heating rate  0.1972 NO 

interaction  0.7324 NO 

sample mass  
and cooling rate  

sample mass 0.0285 YES 

82.26 % cooling rate  0.4093 NO 

interaction  0.3503 NO 

Estimated effects for nickel standard: evaluation the statistical significance of the temperature regime 
of experimental mode and use the sequences in the DirTA experiments on the melting point and 
solidification point temperature  

In the case evaluation the statistical significance of the temperature regime of experimental mode and use the 

sequences in the DirTA experiments on the melting point and solidification point temperature, 2 effects have 

a P value of less than 0.05, meaning that they are significantly different from zero at the 95 % confidence level 
(Table 11).  

Table 11 Analysis of statistical significance of effects of studied factors  

Studied factors P-value 
Statistical 

significance 
R-squared 

adjusted value 

regime of experimental 
mode and turn of sequence 

linear heating or linear cooling 0.0478 YES 

84.20 % cycle  0.1888 NO 

interaction  0.0271 YES 

Among statistically significant effects belong the regime of linear heating or linear cooling mode with  

P-value=0.0478 and interaction of studied factors with P-value=0.0271. The R-squared statistic (R-squared 

adjusted value=84.20 %), which is comparing models with different numbers of independent variables, 

indicates that the model as fitted explains 84.20 % of the variability in melting or solidification point temperature.  

CONCLUSION 

Method of planned experiment DOE more precisely quantified the statistical significance of the key effects of 

studied factors of experimental conditions. Previous methodological experiments of DirTA method on pure 

nickel standard carried out some general conclusions, which standardized the setup of DirTA experiments. 

These theoretical assumptions [8] on pure nickel standard, the evaluation of statistical significance of sample 

mass influence and heating cooling rate influence by DOE application were confirmed:  

� A combination of factors: sample mass and cooling rate proved in consistence with the statistical 

significance of sample mass analysed under the linear cooling conditions on solidification point 
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(Table 10); it is therefore appropriate to maintain stable mass of the studied samples (20 grams and 

higher) to eliminate the sample mass effect, 

� Based on previous knowledge and to be close to equilibrium conditions the lowest heating/cooling rate 
was selected for real steel samples TL and TS study, although no statistically significant influence of the 
rate of heating was identified. 

Further DOE application corresponding with physically-chemical knowledge of the background of DirTA 
experiments to comparing temperature mode and cycle, reps. statistical significance of the experimental 
temperature mode influence (linear heating and linear cooling conditions) and statistical significance of the 
influence of using the sequences in DirTA experiments carried out the most interesting findings in relation with 
DirTA analyses on real steel samples. The impact of effects of temperature mode applied on pure nickel 
standard in combination with different cycles show how such conditions works:  

� DOE results (Table 11) on nickel standard have detected the statistical significance of temperature 

mode. This conclusion is important in context with quantification the value of temperature correction to 

real materials (real steels) should be performed temperature correction separately for heating and 

cooling conditions.  

� The sequences are not statistical significant individually, but only in interaction with temperature mode 
(Table 11), that mean probably no apparent any significant changes of material properties of pure nickel 
between first and second cycle of experiment, which would be demonstrate a significant impact on the 
experimentally determined melting or solidification point temperature.  

This approach would be therefore appropriate to apply to real materials (real steel samples) and conclusively 
for each steel grade provided in accordance with the principles of the planned experiment to give this 
significance identified, because we cannot automatically supposed, that it will behave the heterogeneous 
material as steel just as pure nickel standard. That is also related to define the access to averaging and pooling 
achieved liquidus and solidus temperatures and determination whose values would be used as a mean value 
of liquidus and solidus temperature, which mean finally quantification of one proper liquidus and solidus 
temperature. Final quantification of one proper liquidus and solidus temperature represents our further task. 
Application of DOE allows the most simply way for identifying the statistical significance of the key effects of 
experimental conditions and their more precisely refinement moreover without time and additional financially 
demanding and large material analysis and without the use the large data file and work with data, which have 
technological context corresponding with studied purpose and methodological background. 
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Abstract  

High Mn steels is a new type of structural steels, characterised by both high strength and superior formability. 

The one of this is TWIP steel offers an remarkable opportunity to adjust the mechanical properties modifying 

the strain hardening. These steel features can therefore lead to a lightweighting of steel components and a 

reduction of material consumption. These advantages are the key to changing the approach in the design of 

steel components which emphasise a reduction of fuel consumption as well as the gas emissions. The present 

paper deals selected aspects of the microstructural effects observed in the high strength TWIP steels which 

accompany deformation processes with a special emphasis its comparing for two grades steel with different 

carbon and silicone content.  

Keywords: AHSS steels, compression, deformation, microstructure 

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 [1-4]. However, the approach to designing modern steels with a broad range of 

strength and plastic properties is changing fundamentally [2-7]. Among these steels, one may include steels 

from the group work hardened as a result of structural effects induced by plastic deformation [4-9]. Particularly 

two groups of manganese steels exhibiting opposite effects during deformation, i.e. the ones caused by 

hardening by mechanical twinning of the austenite, the so-called TWIP effect (twinning induced plasticity), 
Figure 1, and hardening by formation of shear microbands in the austenite, the so-called MBIP effect 

(microbands induced plasticity), belong to them [5-11]. Both these effects influence uniquely the combination 

of mechanical and plastic properties, and their occurrence depends on the value of stacking fault energy γSFE 

which is dependent on the chemical composition. The details of the mechanisms controlling strain-hardening 

in high manganese steels are still being researched [4-7, 10-16]. The main factor responsible for the capability 

of manganese steels to deformational hardening is the deformation rate. These materials belong to a group of 

alloys with significant sensitivity to this parameter of plastic deformation. Deformation rate is one of the basic 

parameters influencing plastic working process, which may vary in a broad range, while the other parameters 

are constant or negligibly small. In this context, studies of material may be carried out in a broad range of the 

deformation rate. Essentially, several characteristic ranges corresponding to various processes of deformation 

of materials [13-19] were defined. The first range below 10-4 s-1, corresponding to material creep, for which the 

experiments are generally carried out at constant stress, determines the creep curve. The second range at 10-

4 s-1÷10-2 s-1 corresponding to the condition of static tests on test machines, allows to determine standard 

properties of the material. The third range 10-2 s-1÷102 s-1 is a range of quasi-static tests, carried out using such 

devices as, among others, universal fast hydraulic machines, pneumatic machines, drop hammers, rotary 

hammers, Charpyʹ test, allows to estimate the ability of the material to absorb energy. The fourth range at  
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102 s-1÷104 s-1 is a range of tests applying high deformation rates. Under such conditions, experimental tests 

for compression or torsion are carried out, but with limited starting lengths of sample grips. Considering the 

fast-changing deformation processes, devices based on elastic wave propagation theory are used. The fifth 

range > 104 s-1 is called a range of very high deformation rates, obtained by generation of plane waves in 

uniaxial deformation state [7,10,13]. The study of properties of high manganese steels under static conditions 

is a popular practice however, the results of these studies are still insufficient. In the paper several properties 

as well as the detailed microstructure analysis after static and dynamic deformation was performed of 

manganese TWIP steel.  

2. EXPERIMENTAL PROCEDURE 

A manganese steels A - Fe - 30 wt.% Mn - 5 wt.% Al - 5 wt.% Si - 3 wt.% C and B - Fe - 26 wt.% Mn - 5 wt.% 

Al - 5 wt.% Si - 0.6 wt.% C, was the materials for studies. The steels was prepared according to the procedure 

descripted in […]. After the forging, the bars were supersaturated from a temperature of 1150°C - 1170°C. 
Both studied steels had a monophase austenitic structure (Figure 1), with a hardness  

160 - 185 HV2. Research in the field of static loads was carried out using the Instron servohydraulic testing 

machine with a strain rate 0.01 s-1. The Hopkinson modified rod method was used for research in the field of 

high strain rates. Cylindrical samples of dimensions h = 5 mm, d0 = 5 mm were used. The compression test 

was carried out at a speed of 2600 s-1. The test sample was placed between two rods 1 m long and 400 mm 

in diameter made of high-strength steel (Maraging steel) and fixed in Teflon bearings. The deformation of the 

samples was limited by means of limiting rings, which in turn results in a real (logarithmic) deformation value 

of 0.1; 0.22 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. 

 a)  b) 

Figure 1 Microstructure of steels after supersaturation a) A, b) B, STEM, visible grain boundary 

of austenite annealing twins and dislocations 

3. RESULTS AND ITS DISCUSSION 

The results of the static and dynamic deformation of both steels are shown in Table 1. The YS value during 

the static as well as the dynamic conditions are very similar. Increasing the deformation value up to 0.1 and 

0.22 it shows the changes in properties of both steels. It can be seen that steel B is stronger than steel A. This 

is undoubtedly due to the different chemical composition of both steels. As we also note, the C content probably 

plays a major role. The increase in Si content in steel A does not compensate for the strengthening resulting 

from the higher C content in steel B.  
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Table 1 Results obtained in static tensile test of steel  

Strain rate, s-1 Steel YS, MPa Steel 
σ, MPa  
(ε = 0.1) 

Steel 
σ, MPa 

(ε = 0.22) 

0.01 
Steel A 412 Steel A 555 Steel A 765 

Steel B 395 Steel B 600 Steel B 820 

∼2500 
Steel A 720 Steel A 845 Steel A 1053 

Steel B 715 Steel B 850 Steel B 1080 

Microstructure analysis of Steel A and B after static compression tests are visible in Figure 2 and Figure 3. 

We found the several dislocations as well as the stacking faults in the structure of steel A. A local areas with 

high accumulation of dislocations occur. The slip takes place in two slip systems. The initiation of the 

mechanical twins creation are observed. In steel B we also can see the several dislocations which move in 

two slip systems. The several stacking faults are visible and the mechanical twins they form in the structure. 

High dislocation density they often occur in a very large area.  

  

Figure 2 Microstructure of steel A after static deformation a) ε = 0.1, b) ε = 0.22, STEM, visible dislocation 

structure, stacking faults, slip in two systems, creation of first mechanical.  

  

Figure 3 Microstructure of steel B after static deformation a) ε = 0.1, b) ε = 0.22, STEM, visible dislocation 

structure, few stacking faults, slip in two systems.  
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Dynamic deformation leads to structure evolution in steel A as well as in steel B. In steel A the mechanical 

twins they begin to prevail in structure. In dislocation matrix the formation of dislocation cells was started. In 

areas with high dislocation density the dislocation walls are formed. We also observed the areas where the 

microband formed, for example, at the boundary of three grains.    

  

Figure 4 Microstructure of steel A after dynamic deformation a) ε = 0.1, b) ε = 0.22, STEM, visible 

dislocation cells, several mechanical twins , microbands , shear bands creation  

In the steel B the microstructure consist from areas with large accumulation of mechanical twins next to the 

areas where the dislocation structure rebuilding process occurs. We observed the double dislocations walls. 

The characteristic microbands and shear bands as the effects of the structure remodelling as a result of the 

location of the deformation are noticed. The formation of twin bundles takes place.  

  

Figure 5 Microstructure of steel B after dynamic deformation a) ε = 0.1, b) ε = 0.22, STEM, visible high 

dislocation density, several mechanical twins, microbands , shear bands creation  

4. CONCLUSIONS 

In the literature more and more attention is devoted to the structural analysis of the plastic deformation 

mechanisms of AHSS. The purpose is to answer the question how to predict the behavior of a structure 

element in vehicles where a new generation of steel is used. To understand this issue it is necessary to perform 

a series of tests of properties under different conditions and above all, making a thorough analysis of structural 

changes that accompany the processes of deformation of AHSS steel. While the chemical composition was 
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different, the YS obtained in the static compression tests were similar. The difference was obtained at a higher 

deformation value. Steel A showed a lower strain value of about 50 MPa than steel A. This could be due to a 

higher carbon content in steel B. This is also confirmed by the microstructural analysis. In steel B a much 

higher density of dislocations was observed in in static deformation conditions than in the steel A. The 

differences in the mechanical properties obtained in the dynamic conditions are smaller. Both the value of YS 

and stress value for strain 0.1 and 0.22 in steel A and steel B are similar. this can be explained by a much 

more intense remodeling of the structure that is observed in steel B. The compensating the stress value by 

double dislocations walls, microbands and shear bands creating as the effects of the structure rebuilding by 

localization of deformation are noticed. The plastic deformation was promoted by the formation twins as well 

as the twin bundles.  
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Abstract 

The aim of the contribution is creation of transformation diagrams of hypoeutectoid 25CrMo4 steel that is used 

for tube production for the OCTG (Oil Country Tubular Goods) industry. For a comparison purpose,  

the CCT diagrams with and even without influence of previous deformation were assembled. In addition,  

the DCCT diagram (i.e. with previous deformation influence) was exposed to different austenitization 

conditions. The transformation diagrams were assembled on the basis of dilatometric tests which were 

confronted with the metallographic analysis and hardness measurement. Due to the influence of previous 

deformation and different austenitization conditions, peremptory movements of curves in the assembled 

transformation diagrams were occurred, which, of course, was reflected also on the structure and hardness, 

respectively. After the previous deformation, the structures of samples had considerably increased share  

of quenching phases, including of share of acicular ferrite. This, of course, was manifested by increased values 

of hardness. 

Keywords: Transformation diagrams, dilatometric tests, microstructure, deformation 

1. INTRODUCTION 

The control of thermo-mechanical parameters increases effectiveness of forming of selected types  

of steel, which are connected with austenite transformations. Nevertheless, the biggest factor is, indisputably, 

a chemical composition, which, however, we can just slightly influence for the given steel grade in the tolerance 

limits specified by a standard. A combination of deformation size and chosen temperature of deformation 

mainly belong to the purposely influenced thermo-mechanical parameters. Conditions of cooling, especially  

a cooling rate, a size of the austenitic grain and previous deformation, however, play indispensable role with 

regards to the resulting structure. Transformation diagrams of CCT type (Continuously Cooling 

Transformation), respectively DCCT (Deformation Continuously Cooling Transformation) serve for mapping 

these influences in the processes of continuous cooling while considering the influence of deformation of 

austenite [1-6]. 

A lot of papers attend to the study of influences of separate parameters such as influence of the size of the 

austenitic grain or influence of deformation to separate transformations or in general to displacements of all 

areas in the transformation diagrams themselves. However just a few papers are focused on the endeavor to 

carry out a complex evaluation how the both parameters influence the kinetics of the products of hypoeutectoid 

transformations, respectively the resulting structure [5, 7-10]. 

The subject of this contribution was to compile CCT and DCCT diagrams of steel 25CrMo4, whereas the DCCT 

diagram of the investigated steel was designed for the specific conditions of austenitization simulating, in some 

measure, production of seamless pipes. 
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2. EXPERIMENT DESCRIPTION 

Steel 25CrMo4 belongs to low-alloyed hypoeutectoid steels and is used for the production of pipe works for 

the petrochemical industry, parts of machines, vehicles and in the aviation industry [11]. Chemical composition 
of the investigated steel 25CrMo4 is specified in Table 1. 

Table 1 Chemical composition of the investigated steel in wt% [11] 

C Mn Si P S Cr Mo 

0.20 - 0.31 0.56 - 0.94 ≥ 0.43 ≥ 0.03 ≥ 0.04 0.85 - 1.25 0.12 - 0.33 

Two sets of specimens were prepared for the purpose of experiment from steel 25CrMo4, namely for the 

creation of the CCT and DCCT diagram on the basis of combination of the dilatometric tests, metallographical 

analyses and hardness measurement. The dilatometric tests were realized in the Gleeble 3800 plastometer 

and its contact dilatometric module. The CCT diagram was compiled after uniform austenitization of the 

specimens at temperature of 900 °C and consequential fluent cooling in a range of the cooling rate of 0.2 - 

100 °C/s. Two-stage heating/cooling was typical for the DCCT diagram, which aimed for the simulation of a 

thermal procedure of the rolled seamless pipes production by the Mannesmann method. Concretely, 

specimens for DCCT diagram compiling were heated up to temperature of 1280 °C, where there was a 5-

minute rest; the specimens afterwards were cooled with a cooling rate of 5 °C/s to a temperature of 900 °C, 

where there was a short equalizing 5-second rest and single-axis pressure deformation (logarithmic) with a 

size of e = 0,35 with a deformation rate of 1/s. The procedure after deformation was the same as in the case 

of CCT diagram compiling; i.e. fluent cooling with constant cooling rates. All cooling rates were chosen so that 

it can be possible to describe clearly all important areas of the austenite transformation. Schemes of the 

courses of the dilatometric tests are specified in Figure 1. 

  
mode of dilatometric tests - CCT diagram mode of dilatometric tests - DCCT diagram 

Figure 1 Schemes of the modes of the dilatometric tests for the creation of transformation diagrams  

from steel 25CrMo4 

All dilatometric tests were analyzed with the use of CCT Software. The specimens of the selected cooling rates 

were put to the metallographical analyses and hardness measurement by Brinell HBW for the purpose of 

confrontation of the dilatometric tests.  

3. DISCUSSION OF RESULTS  

The evaluation of the dilatometric tests was performed with the use of a combination of the Newton's method 
and dilatation curve derivation, whereas the CCT Software is equipped with the both methods. Figure 2 

displays examples of the determined points of transformations for the cooling rates of 0.5, 3 and 100 °C/s, 
while creating the CCT diagram. Figure 3 displays the CCT diagram of the investigated steel. 
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Figure 2 Examples of the determination  

of the transformation points for the selected  

cooling rates - CCT diagram 

Figure 3 CCT diagram of steel 25CrMo4 

As is clear from the CCT diagram shown in Figure 3, a relatively wide area is created by bainite, which, as it 

was confirmed by the metallographical analyses, exists in the mixture with acicular ferrite. A clearly ferritic-

pearlitic structure can be expected in the investigated steel at a cooling rate lower than 0.5 °C/s. In the case 

of an area limiting creation of martensite, it can be seen that the more the cooling rate is decreased, the more 

the Ms curve is dropped, and on the contrary the more the Mf curve grows. Martensite, in case of this steel, is 

expected at the cooling rates higher than 6 °C/s. These results, including shares of separate structural 
ingredients, can also be seen in the shots made after metallographical analyses in Figure 4.  

  
Cooling rate - 0.2 °C/s  

(F = 56%, P = 44%) 

Cooling rate - 6 °C/s  

(F = 5%, B+AF = 79%, M = 16%) 

Figure 4 Microstructures of specimens cooled with different cooling rates after dilatometric tests without 

deformation 

In case of the cooling rate of 0.2 °C/s, the whole structure is created by polyedric ferrite and pearlite. The 

specimen cooled with a rate of 6 °C/s consists, first of all, of a mixture of bainite and acicular ferrite with a 

smaller share of martensite and fine isles of polyedric ferrite in a share that does not exceed 5 %, which is a 

critical limit for the detection of dilatometry [5]. 

In case of deformations influenced by the dilatometric tests, a DCCT diagram was compiled - see Figure 5. 

To ensure simpler orientation in the obtained DCCT diagram, and especially to ensure a possibility of a 

comparison with the CCT diagram, and, thus, for the evaluation of influence of the combination of high-

temperature heating and deformation, this diagram must be recompiled to a DCCT diagram, which is initiated 
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by cooling immediately after the finish of the deformation, and, thus, from a temperature of 900 °C. To compile 

such a diagram, all cooling curves had to be shortened approximately by 81 s (the time for cooling from  

1280 °C to 900 °C at a cooling rate of 5 °C/s is 76 s + 5 with a rest at the temperature of 900 °C; the time 

necessary for deformation was 0.35 s). The values of coordinates of separate transformations has to be also 

shortened and recalculated by this value. The resulting DCCT diagram after the above-mentioned 
modifications is shown in Figure 6. 

  

Figure 5 DCCT diagram of steel 25CrMo4 after  

high-temperature austenitization  

obtained by means of CCT Software 

Figure 6 Recalculated DCCT diagram of steel 

25CrMo4 with a previous deformation of e = 0,35, 

obtained on the basis of dilatometric tests after 

twelve selected cooling rates 

As is clear from a photo of microstructures in Figure 7, the structure of the specimen cooled with a cooling 

rate of 0.2 °C/s is practically uniformly represented by shares of ferrite, pearlite and a mixture of bainite with 

acicular ferrite. It is known that origination of acicular ferrite is connected with the initial coarse-grain austenitic 

structure, and this our case was similar thanks to the application of high-temperature heating, which supported 
the growth of the austenitic grain. The structure of the specimen cooled with a rate of 0.7 °C, then, consists of 

majority share of a mixture of bainite and acicular ferrite with an only minority share of polyedric ferrite, and 

that is especially at the borders of the original austenitic grains. It clearly shows a mechanism of origination of 

this structure, when grains of polyedric ferrite are beginning to nucleate at the borders, but the process is 

advanced by quicker forming on diffusion of independent transformations, concretely, thus, of bainite and 

acicular ferrite, which are created by similar mechanism [12].  

  
Cooling rate - 0.2 °C/s  

(F = 33%, P = 29%, B+AF = 38) 

Cooling rate - 0.7 °C/s  

(F = 5%, B+AF = 95%) 

Figure 7 Microstructures of specimens cooled with different cooling rates after dilatometric tests influenced 

by high-temperature heating and deformation 
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A comparative diagram shown in Figure 8 was compiled for the detection of influence of the combination of 

high-temperature heating and consequential deformation, which combines both CCT and DCCT variants, and 

which in the case of DCCT diagram shows its recalculated form. Using this comparison, we will manage, at 

least partially, to deduce influence of deformation to the position of separate areas in the diagram. Due to the 

previous deformation and high-temperature austenitization, a positions of separate curves were changed. 

Relatively decisive changes went on in the curves of ferrite and pearlite, which were displaced in the DCCT 

diagram in the right direction, i.e. to the area of lower cooling rates. Probably the biggest changes manifested 

themselves in the area of bainite (a mixture of bainite and acicular ferrite); this area was extended in the DCCT 

diagram up to the lower cooling rates. Martensite was influenced by deformation and high-temperature heating 

in a form of increasing Ms. 

As is clear from the comparison of hardness for the CCT and DCCT diagrams (Figure 9) of the investigated 

steel, this parameter was also influenced due to the combination of deformation and high-temperature heating. 

It can be said generally that specimens hardness from the compilation of the DCCT diagram was higher by 

tens of HBW, which was caused, first of all, by the growth of the structural share of the mixture of bainite and 

acicular ferrite to the prejudice of a share of polyedric ferrite and pearlite. 

  

Figure 8 Comparison of CCT and DCCT diagrams of 

steel 25CrMo4 

Figure 9 Comparison of influence of a combination 

of high-temperature heating and deformation to the 

HBW hardness values 

4. CONCLUSIONS 

Based on the dilatometric tests, transformation diagrams of CCT and DCCT type of steel 25CrMo4 were 

compiled. The DCCT diagram was compiled under conditions of high-temperature heating simulating the 

heating of a semi-finished products before piercing while manufacturing pipes by skew rolling. The 

transformation diagrams in the both cases were typical by their significant area of creation of a mixture of 

bainite and acicular ferrite.  

By comparing the obtained DCCT diagram with the original CCT diagram, it can be possible to assess influence 

of the combination of deformation and high-temperature heating to the position and size of separate areas of 

the transformed phases. Due to the high-temperature heating and previous deformation, Martensite Start 

temperature was slightly grown. Probably the biggest changes were discovered for the area of bainite (in the 

mixture with acicular ferrite), which essentially expanded to the zone of the lower cooling rates. The areas of 

ferrite and pearlite were sidelined to the low cooling rates zone, and temperatures delimiting the start of these 

transformations of both these phases were relatively significantly decreased. It was, thus, verified that not only 

deformation but also a size of the austenitic grain, which in the case of two-stage heating had to, for sure, 

dramatically grow, fundamentally influences the transformation kinetics of all hypoeutectoid products of 

transformations. 
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The performed experiment confirmed that physical simulations in the areas of the austenite transformation 

during cooling continue to be irreplaceable, and that is especially in cases of specific and unconventional 

modeling, to which our case belongs too. 
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Abstract 

In order to achieve an economical forming technology production, a well-developed lubrication technology is 

generally required. Within the scope of this work, further investigations on a novel self-lubricating forming 

process are presented. Powder metallurgical (PM) components were impregnated with lubricant to store the 

oil in their process-related porosity. In a subsequent forming process the resulting pressure forces the oil to 

leak out lubricating the process.  

In preliminary works it was found, that the required maximum forming load can be reduced up to 39 % by 

applying the new lubrication method. In addition, relative densities up to 99 % were reached after deformation. 

Based on this, in this contribution optimized impregnation parameters regarding the initial porosity and 

impregnation time are presented. Compression tests were conducted and strain-stress-curves were recorded 

and analyzed. In addition, friction factors were determined in order to characterize the lubrication behavior. 

With the optimized parameters significantly higher strains and lower friction factors as compared to dry forming 

could be achieved. 

Keywords: Powder metallurgy, self-lubrication, upsetting, sintering 

1. INTRODUCTION 

Lubrication is essential in metal forming processes. It has influence on the required forming energy, the 

material flow, the strain and stress distribution and the resulting workpiece surfaces [1]. Consequently, tool 

wear and tool life as well as the component quality are affected [2, 3]. In order to increase the tool life different 

strategies are pursued. Approaches of tool surface modification in order to adjust its properties to the occurring 

stress situation is scientifically well researched and already applied in industrial practice [4]. Other strategies 

are aiming at the load reduction during the process by means of optimised cooling and lubrication techniques 

[5]. Generally the following demands on lubricants are made [6]: a good and constant lubrication film, high 

oxidation resistance, wear and friction reduction, corrosion protection, and heat removal. Additionally, in cold 

bulk metal forming conversion layers or coatings are required. These are used as lubrication carrier and are 

applied on the workpiece in order to compensate the great workpiece surface expansion during forming [7]. 

Usually, conversion compositions are based on zinc-phosphates and have a negative environmental impact 

[8]. Besides human health risks and hazardous waste disposal, further process steps are needed in 

comparison with a tool related lubrication system [9]. I.e., additionally to the actual lubricant deposition, 

appropriate surface pre- and after-treatments are required, leading to high equipment and energy costs [10]. 

Many investigations exist on the avoidance of lubricants in metal forming, which confront the above said 

ecological and economical points of view. Current studies basically focus on three different approaches to 

reduce friction and wear without using lubricants [11, 12]: ceramic tools [13], self-lubricating coating systems 

[14, 15] and hard material coating [16].  

In this contribution a new lubrication technique for cold metal forming is presented, which allows the usage of 

conventional lubricating oils without conversion layers by using self-lubricating workpieces. For this, the 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

243 

process-related porosity of PM components is exploited as a lubricant storage similar to self-lubricating 

bearings. Such bearings were invented in the 1920s by General Motors and are known for their low 

maintenance requirements and pronounced emergency running characteristics [17]. In operation, the stored 

oil leaks out due to elevated temperatures, enhanced pressure and elastic deformation. The new lubrication 

approach uses this effect in cold sinter-forging by means of endogenous workpiece lubrication.  

The paper is structured as follows. In Section 2, the investigation methods are presented compromising the 

used materials, powder metallurgical sample manufacturing including oil impregnation and compression tests. 

Section 3 is reserved for the evaluation of the proposed lubrication method as well as a critical discussion of 

the experimental results. Eventually, the paper is closed by the Conclusion section. 

2. METHODS 

2.1. Materials 

For the experimental investigations steel powder with the product name AXD5400 by Rio Tinto Metal Powders 

Company was used. This press-ready water-atomized powder is particularly designed for sinter-forging 

applications containing 0.8 wt.-% Graphite and 2.0 wt.-% Copper as alloy elements and 1.0 wt.-% Zinc stearate 

as pressing lubricate [18]. For the impregnation and compression tests two different oils were used, namely 

MF155 (Bechem) which is usually employed in cold bulk metal forming, and Turmofluid HPL (Lubcon), a 

common self-lubricating bearing oil. The major difference is the viscosity, which is ~110 mm²/s for MF155 and 

~50 mm²/s for Turmofluid HPL (both at 40 °C). The viscosity influence is studied in order to investigate 

impregnation and leak-out behaviour during compression. Further characteristics of the used materials 
(powder and lubricants) are depicted in Table 1. 

Table 1 Particle size and chemical composition of the powder mix and characteristics of the used lubricants  

Chemical composition of AXD5400 

Element Fe Cu C Mn O S 

wt.-% >96.8 2.0 0.8 0.205 0.11 0.0085 

Particle size distribution of AXD5400 

Particle size > 250 µm > 150 µm > 45 µm < 45 µm 

wt.-% Trace 10.0 67.0 23.0 

Lubricant characteristics 

Name Flashpoint (°C) Density at 20 °C (g/cm³) Viscosity at 40 °C (mm²/s) 

HPL >250 °C 1.02 50 

MF155 >200 °C 0.92 99-121 

2.2. Sample manufacturing and impregnation 

Cylindrical porous steel samples were compacted using a double-sided tool on a path-controlled hydraulic 

press (multi-axis powder press, SMS Meer) and were subsequently sintered in a vacuum furnace (HTK 8, 

Gero) applying the following time-temperature-course. Before heating, the furnace was evacuated for 10 min. 

In order to burn off the pressing additive a debinding stage at 400 °C was integrated, which is followed by the 

actual sintering stage at 1120 °C for 30 min. After cooling down to 200 °C furnace temperature, the samples 

were taken out and cooled at normal air atmosphere. 

For a comparative analysis of the compression tests, the dimensions of the samples were set to 30 x 30 mm 

(diameter x height). 
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Before and after sintering the relative density was determined by equation (1) using weight and volume 

measurements. Based on preliminary works the relative sinter density was varied in two steps, approximately 

0.85 and 0.9, by adjusting the pressing parameters. 

                                                                                                                                        (1) 

where: 

- relative density (green or sintered)   

- weight of sintered or green part (g) 

- volume of sintered or green part (cm³) 

- theoretical pore-free density  

The theoretically achievable pore-free density of the powder mix was calculated with equation (2). 

                                                                                                                          (2) 

where: 

- theoretical pore-free density 

- weight percentages of element i 

 - density of element i (g/cm³) 

For the oil impregnation the samples were dipped into a container with the appropriate oil, being completely 

covered. After impregnation the excess oil was wiped away and the entered oil quantity was determined by 

measuring the weight gain on a precision scale. The variation of impregnation time was also chosen based on 

preliminary work to 15 min, 30 min and 45 min. Additionally, the open porosity was determined by impregnating 

some samples for up to 2 weeks.  

2.3. Compression tests 

The sintered and impregnated parts were cold upset on a double-acting hydraulic press (Schirmer+Plate, type 

SOP II) with a maximum pressing force of 12,250 kN using flat dies made of wear resistant tool steel AISI H13 

(X40CrMoV511). The active die surfaces were ground to a roughness of Rz = 1.6 µm. The samples were upset 

to a strain of φ = 1.3 while the punch force and displacement were recorded using a load cell and a mechanical 

transducer. The punch speed was constant with v = 1 mm/s. No extra lubrication was used, except for the 

reference tests. In addition, the experiments were recorded with a high-speed camera for further investigations 

of the deformation process, i.e. geometry determination for the calculation of the critical strain and bulge factor. 

The experimental design is summarised in Table 2. It was conducted full-factorial with 4 repetitions for each 

parameter combination in order to provide an adequate statistical basis for the results. 

Table 2 Parameter variation for compression tests 

Relative sintered density Impregnation time (min) Oil viscosity at 40 °C (mm²/s) 

0.85; 0.90 0; 15; 30; 45 ~50 (HPL); ~110 (MF155) 
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3. RESULTS AND DISSCUSSION  

3.1. Sample manufacturing and impregnation 

In Figure 1 (left) the mean values and standard deviations of the achieved relative sintered densities of all 

produced samples are depicted. It can be seen, that the real values are in good agreement with the targeted 

and the standard deviations for both aimed densities are negligibly small. In addition, the open porosities are 

listed, which decrease with rising relative density. This behaviour corresponds to the results of [19], where 

ascending fractions of closed pores with increasing compaction pressure or rather relative density could be 

observed.  

On the Figure 1 (right)  the impregnated oil volume as a function of impregnation time for both lubricants and 

relative densities is shown. As expected, the oil quantity increases with rising impregation time. This behaviour 

conforms to the Lucas-Washburn equation, which says that the capillary flow is proportional to the surface 

tension and time, but inversely proportional to the viscosity [20]. The latter relation is not evident in this case. 

This can be either attributed to insufficient impregnation time or strongly divergent viscosities at room 

temperature. Moreover, a major difference regarding the relative densities can be seen as approximately twice 

as much oil is impregnated in the samples with lower density, which conforms to the different open porosities. 

 

Figure 1 Relative densities of produced samples (left) and impregnated oil volumes (right) 

3.2. Compression tests 

In Figure 2 (left) the mean values and standard deviations of the critical strain in dependence of the relative 

density, used lubricants and impregnation time are shown.  

The influence of the impregnation time seems to be insignificant as the critical strain increases only slightly 

with rising time when using HPL, but decreases the same way when MF155 is applied. This can be attributed 

to the total impregnated oil volumes, which also differ only slightly in dependence of impregnation time.  

By contrast, the relative density has a major effect on the critical strain. For all lubrication configurations the 

critical strain increases with decreasing relative density. During compression a densification process takes 

place by closing the residual porosity. The actual deformation begins subsequently, which means that the 

formability limit of the samples with greater relative density is reached prematurely, which explains the 

described behavior.  

The comparison of different lubricants for a relative density of 0.9 leads to no clear findings. However, a greater 

effect of the applied lubricant can be seen at the samples with lower relative density. Here, using HPL leads 
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to considerably higher critical strains compared to MF155. This can be ascribed to the different viscosities of 

the oils. Viscosity is a measure for a fluid’s resistance to deformation by shear or tensile stress and depends 

strongly on pressure and temperature. As the viscosity of HPL is considerably low compared to MF155, it can 

leak out more easily, which can also be seen in equation (3).  

¾ � ² ��
�°             (3) 

where: 

¾      - Shear stress ��
�° ²      - Viscosity 

- Local shear velocity 

Assuming the same local shear velocity, a greater shear stress or rather force is required to initiate the 

movement of MF155 compared to HPL. Taking into account the exponential increase of viscosity with rising 

pressure, the leakage of the oil becomes even more difficult. In summary, MF155 is not able to leak out as fast 

as HPL. As a result, the forming process is less lubricated, and oil residuals are enclosed in the pores, which 

in turn leads to premature material failure as the enhanced oil pressure burst the pores. This behavior is 
confirmed by the photographs of the samples, shown in Figure 2 (right). 

As expected, the dryly formed samples reach lower critical strains due to higher tensile stresses in the outer 

shell. The results of conventionally lubricated samples are comparable to the new lubrication method.  

 

Figure 2 Critical strain in dependence of relative density, used lubricants and impregnation time (left) and 

corresponding photographs of the compressed samples at max. strain (right) 

4. CONCLUSION 

In this work, a new lubrication approach for cold bulk metal forming was presented. By infiltrating PM steel 

components with oil, the process-related porosity was used as a lubricant storage. During the subsequent 

forming process the resulting pressure forces the stored oil to leak out lubricating the process. 

The described method was tested on cylindrical PM steel components with two different porosities (ρ = 0.85 

and ρ = 0.9). Impregnation studies were carried out by varying the impregnation time (t = [15, 30, 45] min) and 

using two oil types. Subsequently, the deformation behavior by means of compression tests was investigated.  
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The presented endogenous workpiece lubrication shows high potential as an alternative lubrication technique 

in cold bulk metal forming. The best results could be reached using HPL with a relative density of 0.85 and an 

impregnation time of 45 min. For future work, a lubricant with a low viscosity should be investigated to enable 

an easier leak out behavior. 
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Abstract  

The paper deals with the unconventional way of making thin-walled circumferential rings produced by classical 

technology. The essence of the phenomenon is induction. The accumulated energy drains through the coil to 

produce a repulsive force that causes a dull thrust. Further, the theoretical process conditions are described. 

Figures illustrate the entire forming process. The drawbar is designed as an all-metal (non-magnetic) with a 

divided die, from which the finished work is removed and elapsed after completion of the process. The 

electromagnetic pulse causes the necessary strain and forces to form peripheral rings on the drawing piece. 

After disconnecting the DC stream and rejecting the coil from the drawing piece, the divided die is scraped and 

the extraction is removed from the tool. The drawing pieces were almost plastically deformed, but the magnetic 

field built up had to be considerably larger than that of the experiments. It turns out that such a forming process 

is directly dependent on the size of the supplied current, the built-up magnetic field, and the drawing piece 

plate thickness. It is possible to expect a state where the drawing pieces can be formed even under the 

conditions of piece production just by applying the magnetic field to the process.   

Keywords: Magnetic impulse, sheet metal forming, draw die, drawpiece, samples 

1. INTRODUCTION 

The following are the methods and possibilities of forming sheet metal workpieces by means of a magnetic 

field. For many years, the author has carried out experiments in laboratory conditions as described in the 

following text.  

Based on performed and published scientific and research works of experts [1-11] and my works [12-14] there 

was found out, that electromagnetic shaping of sheet can be applied also for shaping of circumferential rings 

on drawn workpieces shaped by the standard way. The goal is to verify the possibility of electromagnetic field 

application for such an operation. 

 

Figure 1 Principle of the magnetic forming 

According to the mutual position of the coil and the workpiece, magnetic forming is divided into two types: 
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• expansion (the coil is inside the workpiece), 

• and compression (the workpiece is inside the hollow coil). 

Magnetic forming can be guided by so-called field concentrators (Figure 1). 

Main advantages of this method are: 

• low noise, 

• simplicity (there are no moving parts), 

• technological flexibility (by concentrator exchange), 

• high uniform pressures, 

• and low weight of the device.  

2. APPLICATION OF ELECTROMAGNETISM  

In the field of forming, a huge increase in new solutions to manufacturing problems has occurred over the last 

decades, applying knowledge predominantly from the field of physics [15-17]. This has increased productivity, 

quality, and the worker protection has reached a qualitatively higher level. A progressive approach is the 

solution presented in this paper. It concerns a possibility of forming a circumferential ring on metal sheet 

workpieces in a magnetic field [18]. 

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. 

3. EXPERIMENTAL WORK 

3.1. Construction of an experimental tool 

The experimental work was aimed at producing a drawn workpiece in a magnetic field, as shown in 
Figure 2 left. We decided to produce two circumferential rings on a sheet metal vessel according to the sketch 

in Figure 2 right. 

Tool construction: the drawing tool is designed as an all-metal one with a split drawing die, placed in the 

workpiece manufacturing process in a socket, from which it is taken out after the process is completed, and 
the finished workpiece is ejected from it. Figure 3 shows the experimental tool assembled and disassembled. 

Figure 4 shows the experiment diagram. 

 

Figure 2 Drawn workpiece with two circumferential rings (left) and sketch of the drawn workpiece with two 

circumferential rings (right) 
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Figure 3 Assembled tool (left) and disassembled tool (right) 

 

Figure 4 Experiment diagram of the device 

3.2. Description of the process  

Stage One: An appropriately sized blank is placed into the drawing tool in order to produce the vessel. The 

required dimensions are calculated using the formula: 

2 4D d d h= + ⋅ ⋅               (1) 

where: 

D - blank diameter (mm) 

d - diameter of a drawnpiece (mm) 

h - height of a drawnpiece (mm) 

The vessel is drawn in a conventional manner. The drawn workpiece remains in the drawing tool. 

Stage Two: The drawing tool is placed in an electromagnetic field that is generated by a coil, which is located 
in the drawn workpiece cavity. This will multiply the effect of the electromagnetic field. Figure 5 shows the 

circuit diagram. The electromagnetic circuit is created when direct current is supplied. The electromagnetic 

field generates the necessary stress and forces that will form circumferential rings on the drawn workpiece. 

The electromagnetic pulse and its generation are described in [14]. 
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Figure 5 Experimental circuit to generate electromagnetic field 

Stage Three: Direct current is disconnected, and the coil is removed from the drawn workpiece. The split 

drawing die is removed from the socket, dismantled, and the drawn workpiece is removed from the tool. 

Based on scientific literature research, and following my findings from previous experiments, I approached the 

design and manufacture of a device for electromagnetic forming [15]. The material used in the experiments 
included: 0.4 mm, made of STN 42 5715 steel. The chemical composition of the material is as follows: Cmax = 

0.18%, Pmax = 0.050%, Smax = 0.050%. Figure 5 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 (2): 

0 r

B l
N

Iµ µ
⋅

=
⋅ ⋅

               (2) 

where: 

N - number of coil treads (-) 

B - magnetic flux density (T) 

l - target spool (mm) 

μ0 - permeability of vacuum (H/m) 

μr - relative permeability (μ/ μ0) 

I - current (A) 

3.3. Magnetic intensity of the single-layer coil axis 

The magnetic intensity on the circular cross-section coil axis, onto which an N-thread coil is wound in one 

layer, is determined by applying the magnetic intensity relation on the axis of the circular thread that, using the 
markings shown in Figure 6, will take the form: 

( )

2

3
2 22 2

I R
dH

R x

= ⋅
⋅ +

             (3) 

where  

H - intensity of magnetic field (A/m) 

and meaning of other symbols is evident from Figure 6 
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Figure 6 To calculate the electromagnetic field on the axis of a single-layer coil 

If a coil (solenoid) is densely wound, it can be considered as the sum of stacked round threads. The elemental 
length solenoid section dx is equivalent to the current passing through the “thread” N·I dξ / I and the magnetic 

induction caused by this “thread” is:  

( )

2

3
222 2

I R N
dH d

b
R x

ξ
ξ

= ⋅ ⋅ ⋅
⋅ + − 

           (4) 

The magnetic intensity caused by the entire coil is done by the following integration: 

( )
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( )
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2 2

3 22 222

2 22 2

4 4
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H
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−

−

∫

 −⋅ ⋅ ⋅ ⋅ = ⋅ = ⋅ =
 ⋅ ⋅ ⋅ − + + −   

 ⋅ − + = ⋅ −
 ⋅ − + + + 

       (5) 

The magnetic intensity in the middle of the coil, i.e. for x = 0 will be: 

( )
2 2 2

1
0

2 2
1

N I N I
H

lb R R

l

⋅ ⋅
= = ⋅

⋅ + ⋅ +  
 

           (6) 

and on the edges of the coil, i.e. for for x = ± b = ± l / 2: 

( )2 22

1

2 22 2
1

l N I N I
H

lb R R

l

⋅ ⋅ ± = = ⋅  ⋅  ⋅ ⋅ +  +  
 

          (7) 

It turns out that before a long coil where 2R « 1 is: 

( )0
N I

H
l

⋅
=  and ( )0.5 0

2 2

l N I
H H

l

⋅  = = ⋅  ⋅ 
          (8) 

Thus, the magnetic intensity at the end is half of that in the middle of the coil. 

This calculation is completely explained in [12]. 
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4. CONCLUSION 

The problematic element appeared to be the coil, since it must be greater by at least 40%. It is similar to 

explosive forming. A larger diameter = a larger coil (dimensionally), and a thicker wire. Reality: The dent was 

only by a few tenths of mm. This was the result of the coil being weak. 

Experiments and their results have been described in the previous text. It turns out that such a forming process 

is directly dependent on the size of the supplied current, the generated magnetic field and the drawn workpiece 

sheet metal thickness. It is possible to expect a state where drawn workpieces can be formed even under the 

conditions of piece production just by applying magnetic field to the process. 
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Abstract 

The article presents the results of a study of the stress-strain state of workpieces after severe plastic 

deformation performed in a closed die. The stress state study was performed by the slip lines method and in 

the Deform 3D simulation software. The analysis of the stress state shows that the value of the stress 

components within the workpiece increased after one cycle of deformation by 1.5 - 2.5 times. The prevalence 

of compressive stresses contributes to metal structure refining via high-cycle alternating strain. 

Keywords: Stress state, severe plastic deformation, numerical simulation, FEM 

1. INTRODUCTION 

One of the perspective trends in metals forming and modern materials science is the production of ultra-fine-

grained and/or nanostructured materials with the grain size of about 100 nm or less [1,2]. When conventional 

coarse-grained materials are transferred to the ultra-fine-grained state, the mechanical characteristics increase 

and the utility properties, such as electrical conductivity, corrosion resistance, etc., improve too [3-6]. 

The modern possibilities of application of such materials have been presented by many researchers [7-12].  

However, production of such materials in the industrial scale is still an issue to be solved mainly due to the 

complexity of designing the processes, or the limited size of the final ultra-fine-grained and/or nanostructured 

products. Nevertheless, some extreme plastic deformation methods, such as ECAP-conform [13,14], and 

rotary swaging [15], are suitable for industrial production of long products. 

The formation of nanostructure depends on the stress-strain state within the workpiece, which depends on the 

shape of the acting tools (die and punches) and the processing method. In this paper, a newly developed 

method for producing nanostructured materials by severe plastic deformation (SPD) is investigated, the stress-

strain state and the deformation force were the evaluated parameters. As can further be observed, the 

proposed design of SPD metal processing resembles the known method of "hourglass", which in the case of 

multicycle alternating deformation ensures the production of nanostructured materials. 

2. MATERIALS AND METHODS 

The principle of the new device is as follows. The device consists of a closed die with two circular and two 

central punches. The circular punches are bevelled. At the beginning of processing, the solid cylinder 

workpiece is located between the circular punches. During deformation, the circular punches move towards 

each other, thereby displace the workpiece in the area in which the central punches are located and the billet 

becomes biconvex. When the area between the punches is fully filled with the workpiece material and the 

upper and lower parts of the workpiece reach the boundaries of the cylindrical voids, the movement of the 

circular punches ceases. In the second stage of the process, the central punches begin to move towards each 

other, interacting with the workpiece. In this case, the workpiece affects the inclined sections of the circular 

punches with pressure and pushes them out. Then the process repeats. 

The below presented research carried out by the finite elements method (FEM) using the DEFORM 3D 

software uses the construction of three-dimensional models having the properties of the real objects. The 
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reliability of results predicted with the use of this software was shown previously e.g. in [16-18]. The process 

of deformation of the workpiece in a closed die, which implements the SPD in a multi-cycle processing, was 

divided into two stages. The first stage was the compression by lateral circular punches, the second stage was 

the involvement of the central punch to press the workpiece. Subsequently, the stages repeat until ultrafine-

grained structure is developed. 

KOMPAS 3D software was implemented to create the models of the workpiece and the used device. Creating 

models was carried out taking into account the geometric similarity with the scale factor = 1. Subsequently, 

the models were imported into the DEFORM 3D software. One of the main parameters that characterize the 

accuracy of the calculation is the finite element mesh. The models of deformable body were determined by 

volume distributed tetragonal grid finite elements, the total number of finite elements was selected to be 50 

000, which allows the calculation to be performed with sufficient precision. The model of the device was defined 

as a rigid body. The device and workpiece materials were selected from the software database - tool steel was 

used for the device, while AISI 1045 construction steel was used for the workpiece. The simulation was carried 

out taking into account heat exchange (heat transfer) between the workpiece, tooling and the environment 

under normal conditions (ambient temperature equal to 20 °C). Room temperature was selected for the tool, 

whereas the temperature of the workpiece was set to be 950 °C in accordance with the suitable forging 

temperature interval. The friction conditions at the interfaces substantially influence the deformation process 

and the corresponding load and the stress-strain state in the deformation zone. In this study, the coefficients 

of friction of 0 and 0.3 were selected based on previous studies [10]. When all the boundary conditions for the 

simulation are set, the total number of steps is defined. The simulation was considered to be of a single tool 

stroke, the workpiece dimensions were Ø20x10 mm. 

The investigation was performed by compressing the cylindrical workpiece with an outer circular punch before 

the workpiece enters the cylindrical area between the upper and lower punches. When moving the upper and 

lower punches, the circular punches are simultaneously pushed out by the material of the workpiece. The 

constant external pressure on the circular punch was 150 kN. The 0 friction coefficient was considered for the 

purpose of revealing the main regularities of the deformation process. In the following figures, the form of the 

workpiece after crimping with external circular punches (the first stage) is represented in the left part of the 

figure, while in the right part of the figure the workpiece after the introduction of the central punches (the second 

stage) is presented. 

3. RESULTS AND DISCUSSION 

The results of the simulation allow evaluation of the stress-strain state as well as shape change of the 

workpiece during the deformation process and also provide data to be compared to the real experiment 
(Figure 1). As the distribution of the hydrostatic pressure shows, during deformation the compressive stresses 

prevail for the entire section of the workpiece. At the same time, as a result of compression by the circular 

punches, localization of stresses in the peripheral part of the workpiece can be observed - the compressive 

stresses exceed 500 MPa, however, gradual decrease in stresses up to nearly 200 MPa occurs in the central 

part of the workpiece and 0 was predicted at the free surfaces. After the 2nd stage of deformation, the 

hydrostatic stress is reduced to - 500 MPa for the entire section of the billet. At the same time, the effective 

stress rises from 180 MPa in the central area of the workpiece to 500 MPa in the peripheral areas. This 

tendency is observed for both, the first stage and the second stage of deformation, however, in the second 

stage of deformation, the regions having stress effective values of 500 MPa and more become prevalent.  

Due to the development of intensive shear on the contact surfaces, the effective strain takes relatively high 

values - 0.5 to 0.75, in the zones of interaction with the bevelled sections of the circular punches [19]. On the 

other hand, the free areas and the regions between the circular punches feature the effective strain value of 

0.25. By the effect of central punches, the central area of the workpiece is subjected to intensive deformation 
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and the effective strain value in this area reaches 1.25. In the zones of direct contact between the workpiece 

and the central punch, the effective strain reaches the value of 2.  

The force acting on the external circular punches gradually increases during deformation and reaches to 150 

kN by the end of the first stage. This development is typical for SPD processes featuring gradual filling of the 

die [20,21]. During the second stage, the constant force of 150 kN is applied to the external punch, while a 

gradually increasing force is applied to the central punches from the beginning of the second stage. This force 

finally increases up to 500 kN at the end of the second stage. 

 
Figure 1 The stress-strain state within the workpiece and load graph for deformation in a closed die 

(a-mean stress, b-effective stress, c-effective strain, d-load graph) 

In the case of industrial implementation of the presented process, the coefficient of friction will be significantly 

different from 0. However, the results can be used to provide the approximation of the results also for other 

deformation conditions. By this reason, computer simulation for a coefficient of friction of 0.3 was also realized.  

 

Figure 2 The model of workpiece before deformation 
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The workpiece in the initial moment at the beginning of deformation is shown in Figure 2. Given by the 
symmetry of the workpiece, the figures are represented as a combination of the image of workpiece section 
(right) and its full appearance (left). For the convenience of evaluating the stress-strain state during the 
deformation process, only workpiece without the details of the tooling is shown. In addition, the workpiece is 
shown with the finite element mesh. 

At the moment when the workpiece fills the area between the punches fully and reaches the boundary of the 
cylindrical hollow with the upper and lower parts of the blank, the effective strain takes the values of ~ 0.75-
1.0 on the inclined sections of the circular punches and ~ 0.25-0.5 in the central area (Figure 3). In the second 
stage of the process, the central punches begin to move towards each other and start to affect the workpiece. 
In this stage, the workpiece affects the inclined sections of the circular punches with pressure and pushes 
them out. The back pressure on the circular punches is 150 kN. As a result, the strain in the workpiece 
accumulates and reaches ~ 0.5-0.75 in the peripheral sections and in the central area between the two 
punches acquires the values from 1 to 1.5. In the areas of workpiece being in contact with the central punches, 
the effective strain reaches the value of 2.0. Then, the cycle is repeated. 

 
a)       b) 

Figure 3 The strain state of the workpiece during deformation (a-end of 1st stage, b- end of 2nd stage)  

in a closed die 

The stress state of all-round (hydrostatic) compression promotes by such favourable distribution of the effective 
strain (Figure 4) [22]. At the first stage of deformation (during the movement of circular punches), the 
workpiece area located between the circular punch sections is subjected to compressive stresses exceeding 
500 MPa. In the central zones, the workpiece material is displaced towards the central punches. By this reason, 
the stresses reach to 0 MPa in the upper and lower sections of the workpiece. In the second stage of 
deformation, as a result of the implementation of the central punches and back pressure on the circular 
punches, the entire workpiece is subjected to the action of all-round compression with stresses exceeding 500 
MPa. 

 
a)       b) 

Figure 4 The hydrostatic pressure during deformation (a-end of 1st stage, b- end of 2nd stage) 

in a closed die 
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Such a stress state favourably eliminates any formation of microcracks and micropores, supports healing of 

internal defects, provides intensive refining of structural components and enables achieving the maximum 

possible ductility of the workpiece [23-25]. Thus, the absence of metal losses in the process of deformation in 

a closed die enables the process to be repeated in order to accumulate strain and achieve the required level 

of metal characteristics. 

4. CONCLUSION 

The new method of severe plastic deformation (SPD) in a closed die had been developed and investigated; a 

computer simulation was used to investigate the stress-strain state after SPD in a closed die. In the main 

deformation zone, the compressive stresses prevail during deformation. The effective strain in the individual 

workpiece sections reaches the maximum value of 2 at the end of the second stage of deformation. The 

repetition of the first and second stages of deformation will ensure the production of high quality workpieces 

with a high degree of structural refinement. 
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Abstract 

Manufacturing steel complex figurine parts remains a fundamental scientific challenge. This article suggests 

the solution of using hybrid methods that unite processes like combined rolling/stamping, rolling/plastic 

bending, and asymmetric rolling to produce steel complex figurine parts with wall thickness of 40-100 mm and 

diameter (width) up to 4000 mm. Traditionally, machine-building factories produce large-size bodies of 

rotations, with the help of an inefficient and rather costly process, using stamping or sheet-bending machines. 

These details are designed for usage as casings for various technological aggregates (converters, mixers, 

scrubbers, steel teeming ladles, etc.). The aim of the work is to develop a technology for obtaining large-sized 

parts with a curved surface in conditions of a plate rolling mill. The man objectives of the study:1) The choice 

and adaptation of the visco-plastic mathematical model for describing the new combined rolling and stamping 

and asymmetric rolling and plastic bending processes of production large-sized parts with a curved surface; 

2) Numerical and experimental studies of the new combined processes with the study of the influence of 

various parameters on the geometry and mechanical properties of large-sized parts with a given curvature; 3) 

Determination rational process schemes and operating modes of the combined processes of production. large-

sized parts with a curved surface. The chief features of new hybrid processes are identified. Results of theoretic 

and experimental investigations are provided. A technology of manufacture of converter housing parts at the 

4500 PJSC "MMK" has been developed. Two cases were manufactured and installed in PJSC MMK. The 

economic effect was more than 1 million dollars. 

Keywords: Hybrid metal forming, steel complex parts, plate rolling mill, plastic bending, stamping  

1. INTRODUCTION 

The basic principles of asymmetric rolling are studied and presented extensively in academic literature [1-2]. 

Many works have studied asymmetric rolling technology by using finite element method (FEM). Ji et al. [3] and 

Sverdlik et al. [4] investigated deformation mechanics of differential-speed rolling with a high-speed ratio 

between the top and the bottom rolls by rigid-plastic FEM. Ji and Park [5] have analyzed various asymmetric 

rolling processes by the rigid-viscoplastic FEM. The findings of the numerical simulation have revealed that 

differences in size, rotational speed or friction condition between the top and the bottom rolls can cause 

asymmetric deformation in the sheet. Angella et al. [6] has researched the strain distribution developed during 

asymmetric and symmetric rolling with a large number of passes. FEM results have demonstrated that surface 

strain effects related to local friction between working rolls and sample surface regions promote an additional 

deformation leading to a significant contribution at large plastic strain and generate discrepancies between 

equivalent strain values assessed by continuum theories and those evaluated by FEM models. This study 

presents a new technology of the combined process of asymmetric rolling and plastic bending to produce 

large-sized parts with a curved surface. Traditionally, machine-building factories produce large-size bodies of 
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rotations, with the help of an inefficient and rather costly process, using stamping or sheet-bending machines. 

These details are designed for usage as casings for various technological aggregates (converters, mixers, 

scrubbers, steel teeming ladles, etc.). The man objectives of the study:1) The choice and adaptation of the 

visco-plastic mathematical model for describing the new combined rolling and stamping and asymmetric rolling 

and plastic bending processes of production large-sized parts with a curved surface; 2) Numerical and 

experimental studies of the new combined processes with the study of the influence of various parameters on 

the geometry and mechanical properties of large-sized parts with a given curvature; 3) Determination rational 

process schemes and operating modes of the combined processes of production. large-sized parts with a 

curved surface.  

2. INTRODUCTION OF PRODUCTION TECHNOLOGY FOR LARGE-SIZED BODIES OF THE 
CURVED SURFACE IN THE LINE OF THE THICK PLATE MILL 4500 PJSC "MMK" 

Results of numerical investigation showed the difficulty and sometimes outright impossibility of producing the 

required product curvature using only thick plate vertical asymmetric rolling processes. The new operation, 

which ensures a plate of the required curvature, is needed. Plastic bending, performed with a special 
unbending roller, located behind the stand, serves as such an operation (Figure 1) [7-8]. In such conditions, a 

sheet with far less than required curvature (larger radius) was formed. Then, with this roller, the curvature was 

increased (by decreasing the radius) to the required value. Such one is the combined asymmetric rolling and 

plastic bending process.  

 

Figure 1 Combined process of asymmetric rolling and plastic bending 

Combined process of vertical asymmetric rolling and plastic bending can be divided into three characteristic 

stages: actual asymmetric rolling (when the front end of the metal doesn’t yet touch the unbending roller), 

asymmetric rolling in combination with initial unsettled plastic bending (when the front end touches the 

unbending roller), and asymmetric rolling combined with settled plastic bending (after the metal’s front end 

moves beyond the unbending roller). 

In the first stage, the front end of the metal follows a path, close to a circle. When touching the roller, the metal 

starts to bend more. In the third stage, processes of asymmetric rolling and plastic bending occur 

simultaneously. The third-stage and the process as a whole ends after the metal rear end leave the working 

rolls of the rolling stand. It is clear that the rear end, in the stretch between the exit from the rolls and the area 

of contact with the unbending roller, will have less than required curvature. It has taken place since this stretch 

is not subject to the plastic bending. Then the dynamics of changing process parameters depending on the 

following factors: stages of the process; ratio between the rolls’ diameters; absolute reduction was investigated. 
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Covers for two converters have been manufactured and installed in the Oxygen-converter shop of PJSC 

"MMK". They served more than 10 years and the economic effect from the introduction of the developed 

technology amounted to more than 1 million dollars.  

3. A NEW HYBRID TECHNOLOGY FOR THE PRODUCTION OF LARGE-SIZED BODIES WITH A 
CURVED SURFACE IN THE LINE OF A THICK PLATE MILL ON THE BASIS OF A COMBINED 
ROLLING-STAMPING PROCESS 

The new process is based on the principle of rolling a package consisting of a punch, a die and a thick plate 
between them (Figure 2). Two conceptual schemes of the combined process of thick-plate rolling and 

stamping for the production of large-sized products with a curved surface are developed: direct and reversible 

[8]. 

 

Figure 2 Scheme of the combined process of thick plate rolling and stamping 

Geometrical dimensions of products: wall thickness (of a sheet) - 40 ... 120 mm; diameter (width) to 4350 mm 

made of metallic materials. New combined processes make it possible to produce machine-building products 

on a thick plate rolling mill. 

To implement the new combined rolling-stamping process, an experimental study was carried out on a 

laboratory rolling mill duo 150. A package was made from the upper punch and the lower die and the blank. 

The punch was provided with a ring-shaped projection extending radially inwards and having a convex surface. 

A sheet blank made of 6 mm thick lead was placed between the punch and the matrix. The sheet blank had a 

circle shape with a diameter of 183 mm in the horizontal plane. The use of lead as a workpiece material makes 

it possible to simulate hot deformation at room temperature. The rolling of the bag was carried out at a speed 

of 25 to 100 mm/s. 

The combined process of rolling and stamping was performed in one or several passes (from 2 to 4) in a 

straightforward manner. Based on the results of the experiment, the obtained accuracy of the product geometry 

was estimated. 10 items were received as total amount. Curvature of finished products was checked by special 

templates. The deviation was from 10 to 2 %, depending on the number of passes: the more the number of 
passes, the less the deviation. The form of the final product of the given shape is shown in Figure 3. 

4. COMPARISON OF TRADITIONAL STAMPING AND COMBINED ROLLING-STAMPING PROCESS 

A comparison between the forces of deformation in traditional stamping and the combined rolling-stamping 

process was made on the basis of a numerical study. In this case, the general types of steel model parts such 

as "bottom" and the intensity field of deformations are shown in Figures 4 and 5. 
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Figure 3 The obtained experimental sample: a) the detail and the bottom base (matrix) of the package in the 

assembly; b) general view of the part; c) the shape of the lower surface of the part 

  

Figure 4 - General view of the modeled part of the 

"bottom" type and the intensity field of deformation 

(after industrial stamping) 

Figure 5 - General view of the modeled bottom 

part and strain intensity field (after industrial 

rolling- stamping) 

  

Figure 6 - Graph of the change in the force of 

deformation in the production of a "bottom" type part 

by the traditional stamping method 

Figure 7 - Graph of the change in the force of 

deformation in the production of a "bottom" type 

part by the "rolling-stamping" method 

Lower die 

Workpiece 

Workpiece 

Workpiece 
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Deformation in a combined process was carried out in 2 passes. In the first pass the full required reduction 

has been set, and in the second pass, ironing has been performed. The graphs of the change in the force of 
deformation in both cases are shown in Figures 6 and 7. The maximum force during stamping reaches  

2.2 MN, and with the combined "rolling-stamping" process only - 1.6 MN. 

The developed technology for the production of large bodies parts with a curved surface on a thick plate mill 

makes it possible, on the one hand, to significantly reduce the energy-force parameters of the process, and 

on the other hand, to ensure the production of long-length, large-sized parts without welding. 

5. CONCLUSION 

The mathematical modeling and analysis of metal shaping and force parameters of the "rolling-stamping" 

process has been performed on a laboratory mill. A technique for the experimental study of the combined 

"rolling- stamping" process has been developed. The verification of the adequacy of the mathematical model 

and the experimental testing of the new combined "rolling-stamping" process in the conditions of a laboratory 

rolling mill have been carried out. A comparative analysis of the advantages and disadvantages of the direct 

and reversible schemes for implementing the combined "rolling-stamping" process for obtaining parts with a 

curved surface have been done. Rational geometric forms of matrices and punches for obtaining spherical and 

elliptical bottoms of various thickness and diameters have been developed. New technical solutions have been 

proposed aiming at ensuring the stability of the package in the process of deformation and preventing the 

displacement of its elements relative to each other. 

The developed technology for the production of large bodies parts with curved surfaces on a thick plate mill 

makes it possible, on the one hand, to significantly reduce the energy-force parameters of the process, and 

on the other hand, to ensure the production of long-length, large-sized parts without welding. 
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Abstract  

In this study, effects of Friction Stir Processing (FSP) on the deformation behavior of Dual Phase (DP600) 

steel sheets under static and cyclic loading were investigated. Fatigue tests were performed at a frequency of 
15 Hz during repeated tension at a cycle asymmetry R = 0 and 106 loading cycles. DP600 steel reflected yield 

strength (σy) of 301 MPa and ultimate tensile strength (σUTS) of 621 MPa with uniform elongation of 21.3% and 

fractured after a total elongation of 34.7% in its as-received condition. After FSP, it was observed that the yield 

strength increased to 811 MPa and the ultimate tensile strength reached to 1054 MPa. This effective strength 

enhancement brought an acceptable decrease in ductility of the DP600 steel resulting in uniform elongation 

and elongation to failure of 6.3% and 13.0%, respectively. Based on obtained ductility values, it can be 

considered that, FSPed DP600 shows a deformation behavior that mostly dominated by the strain hardening. 

Static strength enhancement obtained by FSP of DP600 steel also yielded a favorable effect on the fatigue 

behavior and stress level leading to transition to the infinite life. As a result of the fatigue tests, it was 

determined that the fatigue limit of the as-received DP600 steel increased from 350 MPa to 480 MPa after the 

applied FSP. Experimental results obtained in the study mainly indicate that, FSP is an easy to apply and 

practical procedure which provides significant enhancement on the mechanical performance of DP600 steel 

under both static and cyclic loading conditions. 

Keywords: Friction stir processing, DP steel, fatigue behavior, sheet metal 

1. INTRODUCTION 

Establishing weight reduction accompanied with superior mechanical strength and enhanced crash safety is 

one of the most important design strategies of the modern automotive industry [1, 2]. This strategy leads to 

the increasing adoption of high-strength materials for automobile body parts. Advanced high strength steels 

(AHSS) are mainly developed to satisfy high strength material needs of the automotive industry [3]. Currently, 

dual phase (DP) steels in various level of strength is one of the most widely used members of this steel family 

due to their adequate formability. Their unique microstructure consists of ferrite and martensite phases. 

Morphologically, martensite phases are mainly distributed within the ferrite matrix like small islands. Hence, 

volume fraction of the martensite phase mainly, directly related to the strength of the DP steels. Also, increasing 

strength of the DP steels may provide great advantage considering the lightweighting goals. One of the 

important approaches that can contribute to the mechanical performance of AHSS can be regarded as 

supporting their mechanical performance with innovative strength enhancement processes. It has been well 

shown that, severe plastic deformation methods provide a practical and easy to scale up approach to this goal. 

Friction stir processing (FSP) is a relatively new solid-state process to be used to microstructural modification 

of the metallic materials [4-6]. It has been well documented that, FSP may be considered as an effective and 

useful tool for microstructural modification and grain refinement. Generally, combined effects of high level of 

deformation under conditions of warm to hot deformation conditions brings about occurrence of dynamic 

recrystallization. Hence, resultant microstructure of a FSP processed metal mainly consisted of equiaxed fine 

grains. 
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Given the potential technological advantages of this effective and flexible technology, several research efforts 

have been made to understand the mechanical response and engineering performance of the FSPed 

materials. To date, considerable attention has been paid especially to the light metals namely wrought and 

cast Al, Mg, Cu and Ti alloys [4-7]. It has been demonstrated in these studies that mechanical properties of 

course grain (CG) metallic materials could have been enhanced by microstructural refinement and 

reorganization [4-7]. Generally, enhanced hardness and strength can be achieved for variety of material groups 

according to Hall-Petch type strengthening [8, 9]. In limited studies, effect of the FSP on different type of steels 

such as stainless steels [10-16], interstitial free (IF) steels [9, 17-19], carbon steels [20-24] and high-strength 

low-alloy (HSLA) steels [25, 26] was investigated. On this point of view, strengthening of the DP steel via FSP 

may be beneficial to contribute to lightweighting goals of automotive industry. Moreover, to evaluate the 

contribution of the FSP on the structural integrity of an automobile chassis, one of the most important 

mechanical behavior that must be questioned may be fatigue [27, 28]. 

On the point of view outlined above, current study mainly concentrated on the effect of friction stir processing 

(FSP) on the microstructural evolution, mechanical properties cyclic deformation response and fatigue 

performance of DP steels. 

2. EXPERIMENTAL PROCEDURE 

A commercially available plate of tool DP 600 steel was used in this study. The chemical composition of the 

DP 600 steel is Fe - 0.14 C - 0.5 Mn - 0.1 P - 0.22 Ti - 0.015 Al - 0.09 Nb - 0.0015 S - 0.5 Si - 1.0 Cr (in wt.%). 

As DP steels are widely used in forming of structural parts of automobile body parts, a relevant thickness of 

1.1 mm was selected to investigate possibility of application of the FSP to the thin AHSS. DP steel samples 

were subjected to one-pass FSP using a wolfram-carbide (WC) tool shoulder having a diameter of 14 mm. 

The shoulder tilt angle was 3° and the tool plunge depth was kept constant through the process. Tool rotation 

speed and processing speed was set at 1000 min-1 and 1.6 mm/s, respectively. Processing temperature was 

determined with an infrared thermal imaging camera. 

Optical microscope (OM) and scanning electron microscopy (SEM) were used to observe the microstructure 

of DP steel samples before and after FSP. The metallographic specimens were sectioned perpendicular to the 
process direction (Figure 1) and then etched in 5 % Nital for 10 s after standard metallographic preparation. 

 

Figure 1 Schematic illustration of the FSPed plate and the position of the specimens inside the FSPed zone 

To determine variation of the hardness within the processed regions, vertical and horizontal scans were 

performed at the geometrical symmetry axis of the sample. Hardness measurements were performed using a 

Vickers micro-hardness tester under a load of 0.5 g and for 10 s dwell time. Mechanical properties of the 

samples before and after FSP were determined with tensile test using dog-bone shaped specimens. Tensile 
test specimens were sectioned parallel to the process direction (Figure 1). Dimensions of the samples were 

determined due to ASTM E8/E8M as 12 mm x 6 mm x 1.1 mm. The tests were performed using a SHIMADZU 

electro-mechanic tension test machine at a strain rate of 0.001 s-1. Flow curves and basic mechanical 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

268 

properties like yield strength, ultimate tensile strength, uniform elongation and elongation to failure were 

determined as mean values of the results obtained from at least three companion specimens. 

Fatigue tests of as-received and FSPed samples were performed on a SHIMADZU servo-hydraulic machine 
at a frequency of 15 Hz during repeated tension at a cycle asymmetry R = 0 and 106 loading cycles. Fatigue 

test specimens were sectioned parallel to the process direction (Figure 1). Dimensions of the samples were 

determined due to ASTM E446 as 3 mm x 3 mm x 1.1 mm. 

3. RESULTS AND DISCUSSION 

Selected process parameters did not cause macro damage, cracking or deformation discontinuities. The 

highest process temperature during the FSP is determined to be 915 ± 20 °C. Microstructure of the as-received 
DP 600 steel consists of ferrite and martensite phases (Figure 2). Morphologically, ferrite phase grains are 

mainly equiaxed with a mean grain size 15 ± 5 µm (Figure 2 (a)). Size distribution of the ferrite grains were 

somehow homogeneous but finer grains in the size range of 5 - 10 µm were also evident in the microstructure 
(Figure 2 (b)). Very fine martensite phase grains (particles) are placed at the vicinity of the ferrite phase grain 

boundaries constituting nearly continuous network through the structure (Figures 2 (a)-(b)). 

 

Figure 2 OM micrographs of microstructure of as received DP 600 steel at a different magnifications 

The effects on the microstructural properties of the FSPed DP steel are shown in optical microscopy and 
scanning electron microscopy photographs given in Figure 3. FSP considerably affected the as-received 

microstructure. Also, thermo-mechanical process condition variations based on the changes plastic strain and 

deformation temperature formed some deformation regions that can be distinguished by the microstructural 

differences. These deformation regions are well defined and named in previous studies and indicated  
on the Figure 3 (a). The FSP zone consists of an FSPed DP steel (Figure 3), heat affected zone (HAZ)  

(Figures 3 (b)-(c)), thermo-mechanically affected zone (TMAZ) (Figures 3 (d)-(e)), and stir zone (SZ) 

(Figures 3 (f)-(g)). In SZ, FSP process mainly reorganized microstructure of the DP steel (Figures 3 (f)-(g)). 
From Figures 3 (f)-(g), it is obvious that martensite phase become more bulky and ferrite grains are somehow 

refined. It is also obvious that, ferrite grain size was not homogeneous through the microstructure. As can be 
understood from Figures 3 (f)-(g) fine ferrite grains with a size of 4 - 5 µm are formed in the microstructure of 

DP steel. A transition region between the SZ and the HAZ (Figures 3 (d)-(e)) known as thermo-mechanically 

affected zone (TMAZ) reflect similar microstructural properties with that of the SZ zone. Mainly bulky martensite 

phase along with refined ferrite phase formed in the TMAZ. Also ferrite phase morphology seems to be 
somehow elongated (Figures 3 (d)-(e)). By the end of the TMAZ, grain morphology gradually became alike 

with that of as-received material. However, grain size of the ferrite phase somehow coarsened compared to 

that of the as-received steel. This may be occurred due to deactivation of the dynamic recrystallization at 

regions farther from the stir pin. These regions are not deformed as effective as the SZ and TMAZ. However, 

heat generated by the shoulder and pin frictions rapidly transfer in the surrounding material. This leads HAZ 

to experience a thermal cycle, but not undergo any plastic deformation. 
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Figure 3 (a) A general view of cross-section of the DP steel after FSP (b)-(c) OM and SEM micrographs of 

HAZ (d)-(e) OM and SEM micrographs of TMAZ (f)-(g) OM and SEM micrographs of SZ 

Hardness evolution of DP 600 steel after FSP is represented in Figures 4 (a)-(b). Generally, FSP considerably 

enhanced hardness of the steel. As can be seen from the horizontal profile (Figure 4 (a)), hardness of the DP 

600 steel sharply increase within the thermo-mechanically affected zone and reached to its peak value of 290 

± 20 Hv 0.5 at the SZ. However, hardness values measured at the HAZ are slightly lower than that of the as-

received steel. Vertical hardness scan of the FSP processed steel also revealed similar trend of hardness 
enhancement (Figure 4 (b)). As can be understood from Figure 4 (b), peak hardness values were measured 

at the surface contacting to tool shoulder and hardness of the steel and remained stable through a depth of 

about 0.6 mm. Beyond this depth, however, hardness values sharply decreased to the levels of the as-received 
steel (Figure 4 (b)). Such increase in hardness of the SZ may be considered as an expected result of the 

microstructural evolution including both grain refinement of ferrite phase and morphological alteration of the 
martensite phase. In accordance to the microstructural examination (Figure 3), transformation of the 

martensite phase from uniformly distributed fine particles to more bulky grains may be effective on the local 
hardness enhancement.  

 

Figure 4 Hardness evolution of DP steel (a) Horizontal profile (b) Vertical (through thickness) profile 
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Engineering stress - engineering strain curves of the as-received and FSPed DP steel are represented in 

Figure 5 (a). The yield strength (σy), ultimate tensile strength (σUTS), uniform elongation (εu) and elongation to 

failure (εf) taken from this curves are summarized in Table 1. As-received DP 600 steel reflected deformation 

behavior mainly dominated by the strain hardening behavior with a large strain hardening region with 

constitutes nearly equal to about half of the total elongation. This deformation behavior was somehow changed 
after the FSP. Generally, as can be observed form Figure 5 (a) that, strain hardening region and ductility of 

the DP 600 steel decreased after FSP. However, strain hardening behavior is still evident in the deformation 

curve of FSPed and dominated deformation behavior. Yield strength (σy) and ultimate tensile strength (σUTS) 

of the as-received DP 600 steel was determined to be 301 MPa and 621 MPa respectively. These strength 

values of as-received DP 600 steel was increased drastically by the effect of single pass FSP to 811 MPa and 

1054 MPa respectively. However, uniform elongation and elongation to failure of the as-received material 

decreased from 21.3% and 34.7% to 6.3% and 13.0% respectively after the FSP process. Such improvement 

in strength of the FSPed sample is assumed to be primarily from the considerably refined microstructure 

leading to grain size strengthening and transformation of the uniformly distributed martensite phase particles 

in to bulky grains. These microstructural changes may also be effective on the decrease in uniform elongation 

and consequently elongation to failure of the FSPed steel due to the increased cracking tendency of the 

microstructure. 

 

Figure 5 (a) Engineering stress - engineering strain curves of as-received and FSPed DP steel 

(b) Stress - cycle curves of as-received and FSPed DP steel 

Table 1 Mechanical properties of as-received and FSPed DP steel samples 

 σy (MPa) σUTS (MPa) εu (%) εf (%) 

As-received 301.0 ± 6 621.1 ± 13 21.3 ± 0.2 34.7 ± 2 

FSPed 811.7 ± 48 1053.8 ± 56 6.3 ± 0.1 13.0 ± 2 

S-N curves of as-received and FSPed DP steel samples are shown in Figure 5 (b). From Figure 5 (b) it is 

understood that, as-received DP steel showed fatigue limit of 350 MPa. When Figure 5 (a) and Figure 5 (b) 

examined together, it can be observed that yield strength and fatigue limit of the as-received material are at 

the same level. Applied FSP causes significant effects on both fatigue behavior and fatigue limit of DP steel. 

It is observed that FSP increases the slope of the S-N curve of DP steel. This increase in the slope of the  

S-N curve after the process leads to an increase in the number of cycles to fracture. Consequently, fatigue 

limit in the processed state was improved to reach a stress value of 480 MPa. The improvement in fatigue 

behavior can be attributed to the superior strength of the FSPed DP steel. It is noteworthy that, when  
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Figure 5 (a) and Figure 5 (b) examined together, it can be observed that fatigue limit of the FSPed material 

(480 MPa) is lower than FSPed yield strength (811 MPa). It is understood that FSP shifts the fatigue strength 

from the plastic deformation zone to the elastic deformation zone. This may be explained with an increased 

crack initiation tendency of the FSPed microstructure due to the transformation of the morphology of the 

martensite phase from uniformly distributed fine particles to bulky grains.   

4. CONCLUSION 

In the present study, the effect of friction stir processing (FSP) on the microstructural evolution, mechanical 

properties and fatigue behavior of DP steel was investigated. The main results and conclusions of this study 

can be summarized as follows: 

• Thin (1.1 mm) DP steel sheets were successfully processed by position controlled FSP without causing 

macro damage, cracking or deformation discontinuities.  

• In the process region microstructure of DP steel is strongly affected by FSP and fine grained 

microstructure having mean ferrite grain size of 5 µm and bulky martensite phase were obtained. 

• Microstructural modification obtained by intense thermo-mechanical treatment of FSP increased 
hardness of the DP 600 steel from 190 Hv 0.5 to about 290 Hv 0.5. 

• Deformation behavior of DP 600 steel found to be strain hardening dominated. This behavior remained 

unchanged after the FSP. FSP also strongly enhanced steel yield strength and tensile strength of DP 

600 steel from 301 MPa and 621 MPa to 811 MPa and 1054 MPa, respectively. However, uniform 

elongation and elongation to failure values contracted from 21.3% and 34.7% to 6.3% and 13.0%, 

respectively. 

• FSP process applied to the DP 600 steel favorable increased as-received fatigue limit of 350 MPa to 
480 MPa. 
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Abstract 

The effect of High-Temperature Thermomechanical Processing (HTMP) on the structure and mechanical 

properties of austenitic-ferritic steel has been studied. The dislocation structure observed in austenitic-ferritic 

stainless steels gave evidence that HTMP affected the strengthening and softening behaviour. Temperature - 

strain - time parameters are responsible for the substructure formation at the HTMP of duplex austenitic-ferritic 

steel. The effect of strain accumulation program in the formation of substructure and phase transformations as 

well and the relation between the changes in the crystal structure due to HTMP and the mechanical properties 

of the steels are considered. 

Keywords: High-Temperature Thermomechanical Processing (HTMP), duplex austenitic-ferritic steel,  

       dislocation structure, substructure, phase transformations 

1. INTRODUCTION 

A growing role in the economy of the state is played by the level of production of corrosion-resistant steels, 

successfully used in various industries of chemical, aviation, space and energy (including nuclear) industry. In 

the total volume of their production the largest proportion of Cr--Ni austenitic steel [1,2]. The wide application 

of such steels is due to their high chemical resistance in a wide temperature range, high plasticity and 

toughness, good weldability and high resistance to intergranular corrosion (IGC). However, their significant 

disadvantage, limiting the efficiency of use and scope, are low strength properties and especially the yield 

strength. The latter fact is compounded by the fact that one of the main tendencies in the world production of 

corrosion-resistant steels is the reduction of carbon content. Duplex corrosion-resistant austenitic steels differ 

from single-phase austenitic steels with higher yield strength, better weldability with good corrosion resistance 

in aggressive environments and increased resistance to intergranular corrosion and corrosion under stress 

corrosion cracking. Duplex steels are complex multicomponent alloys. In the process of metal working and 

heat treatment at different temperatures a variety of phase transformations takes place: a change in the 

quantity of δ-ferrite and austenite, accompanied by the redistribution of alloying elements between the phases, 

the decomposition of δ-ferrite with the formation of secondary austenite and σ-phase; the allocation of carbides 

and nitrides etc. The number of new grades of duplex corrosion-resistant steels is growing every year. The 

rapid development of nuclear power, increased safety requirements require the creation of reliable and 

compact nuclear power plant equipment with a sufficient margin of safety. In addition, it is necessary to take 

into account the aggravation of the issue of saving material and energy resources. In this regard, the use of 

resource-and energy-saving technology of TMP for strengthening of steels of this class seems to be quite 

relevant. By now a lot of research has been done on the effect of HTMP on the structure and properties of 

austenitic stainless steels [1-3], at the same time, there are very few data on the effect of HTMP on the 

structure, phase transformations and mechanical properties of duplex austenitic-ferritic steels [4]. 
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2. EXPERIMENTAL 

The experiments has been realized into the above mentioned hot deformation parameters during Duplex 
stainless steel 07CCr18Ni12TiV, the microstructure of which is shown in Figure 1a, has a good combination 

of mechanical properties (Table 1) in the original condition (water quenched from 1150 °C with holding for 2 h). 

Figure 2 shows the change in the mechanical properties with aging at temperature up to 600 °C. The strength 

characteristics vary little with the aging temperature (Tage), increasing noticeably only with aging at 500 °C, so 

that no substantial increase in the yield strength occurs with this heat treatment. 

 

Figure 1 Microstructure of steel 07CCr18Ni12TiV . a) after quenching, Ti(C,N) carbonitrides indicated by 

arrows (x 160); b) after HTMP, γ‘ phase indicated by arrows (x 700)  

 

Figure 2 Mechanical properties (a) and microhardness (b) of steel 07CCr18Ni12TiV in relation to aging 

temperature after quenching (•) and HTMP (°) 

Samples 22 x 22 mm in section from a forged bar of a commercial heat were subjected to HTMP: heating in 

an electric furnace to 1140 °C, rolling after cooling to 900 °C, in three passes, at a speed of 0.3 m/s, in a two-

high rolling mill with 210 mm of rolls diameter (reduction ~ 40 %), followed by quenching in water. After HTMP 

and after quenching (original condition) some samples were aged at 400, 500, and 600 °C for 4 h, while after 

HTMP and after aging at 800 °C the sample were air-cooled. 
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The mechanical properties: yield strength (YS), tensile strength (TS), elongation (A), reduction in area (RA), 

impact strength (KSV) and the microhardness of δ (Hδ) and γ (Hγ) phases were determined from the samples 

cut in the longitudinal direction relative to the rolling axis. 

The chemical composition of the δ and γ phases and also large titanium carbonitrides was determined by 

means of the Cameca microprobe analyzer; a qualitative phase analysis of the carbonitrides was made by 

petrographic methods. Fracture surfaces were analyzed by scanning electron microscope (SEM). The fine 

structure of the steel was examined by transmission electron microscopy (TEM). The volume percentage of δ 

phase and also large carbonitrides was determined by quantitative metallographic analysis with the Quantimet 

instrument from an area ~10 mm2 for each condition. The relative error in these measurements was 1 %. 

3. RESULTS AND DISCUSSION 

The results of mechanical tests showed, that HTMP leads to a considerable (185 MPa) increase of the YS of 
steel 07CCr18Ni12TiV and somewhat smaller increase (145 MPa) of the TS (Table 1). The elongation 

decreases ~40 %, while the reduction in area decreases slightly (Table 1). HTMP has different effects on the 

δ and γ components of the duplex steel. The increase in the microhardness of γ phase after HTMP is 

approximately double that of the δ phase. The fracture toughness decreases after HTMP, but remains fairly 

high (decreasing from ~2.7 to ~1.6 MJ/m2). 

Table 1 Mechanical properties and quantity of phases after quenching and HTMP  

Treatment 
YS 

(MPa) 
TS 

(MPa) 
A 

(%) 
RA 
(%) 

KCV 
(MJ/m2) Hγ Hδ 

Quantity (%) 

δ phase carbonitrides 

Quenching 355 575 41.1 71.2 2.7 167 240 21.5 0.51 

HTMP 540 720 25.4 65.5 1.6 197 257 19.8 0.28 

The following qualitative changes are noted in the microstructure of the duplex steel after HTMP (Figure 1): 

secondary austenite (γ‘) is observed in ferrite grains, which points to decomposition of δ-ferrite during HTMP. 

The volume percentage changes correspondingly (see Table 1). Serrations appear on the δ/γ and δ/γ‘ 

interphase boundaries, which have often been observed after HTMP of austenitic steels [5]. 

Apart from the serration, the essential difference in the structure after HTMP and after standard quenching is 

the substantial reduction of the buck density of large (1-10 µm) titanium carbonitrides [Ti(C,N)], which evidently 

disappears in the process of high-temperature plastic deformation, although the deformation temperature is 
much lower than the temperature at which these carbonitrides go into solution (Figure 1, Figure 3).  

A qualitative phase analysis of these precipitates was made by petrographic methods. The ratio of the carbon 

and nitrogen concentrations was [C]:[N]≈2:3. The chemical composition of the carbonitrides (Table 2) indicates 

that with their solution a substantial number of atoms of effective carbide-forming elements (titanium, 

vanadium) are transferred to the solid solution, which in the process of cooling again form special carbides or 

carbonitrides. In fact, transmission electron micrographs showed many finely dispersed carbides of the M7C3 

type (density 1015 cm-3) in δ-ferrite after HTMP, while almost none is observed in the original conditions  

(Figure 3). 

Finely dispersed precipitates were not observed in austenite, in which the solubility of carbon is considerable 

higher, either in the original condition or after HTMP. A difference in the dislocation arrays is also observed in 

the δ and γ phases after HTMP. The dislocation density in austenite (ρ≈1.3⋅1010 cm-2) is approximately double 

that in ferrite. Parallel low-angle boundaries 0.2-1.0 µm apart are characteristic of austenite, while these 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

276 

boundaries are rarely observed in δ-ferrite formed during HTMP and generally have a large misorientation 

angle (15-20°). 

 

Figure 3 Fine structure of δ ferrite in steel 07CCr18Ni12TiV after quenching: a - MeC carbide; b- dislocation 

structure; c- fragmented substructure with finely dispersed precipitates after HTMP [own study] 

According to the data, the chemical composition of δ and γ phases in steel 07CCr18Ni12TiV is different more 

and after HTMP (Table 2). The concentration of alloying elements in secondary austenite (γ‘) phase practically 

identical to the concentration in γ phase (after standard quenching from 1200 °C and aging the chemical 

composition of secondary austenite does not differ from that of δ ferrite). 

Table 2 Composition of 07CCr18Ni12TiV steel after quenching and HTMP  

Treatment Phase 
Composition (%) 

Ti V Cr Fe Ni (C+N) 

HTMP 

γ 0.9 1.0 17.5 66.8 14.5 - 

δ 0.9 1.5 23.2 65.0 8.7 - 

γ‘ 0.8 1.0 17.9 66.3 13.1 - 

Ti(C,N) 75.1 2.3 1.4 3.0 0.1 18.1 

Quenching 

γ 0.8 1.0 18.7 65.2 13.0 - 

δ 0.8 1.4 24.7 62.9 7.9 - 

Ti(C,N) 75.1 2.8 1.8 3.7 0.1 16.5 

The variation of the strength and ductile characteristics and also the fracture toughness of steel 

07CCr18Ni12TiV after HTMP and after quenching shows two ranges of maximum change in the mechanical 

properties, depending on the aging temperature (see Figure 3). One of them (Tage ≈ 500 °C) is due to 

processes involving so-called 475 °C embrittlement, while the other (700-800 °C) is associated with 

precipitation of σ phase [6]. The mechanical properties change little with aging at temperatures up to 400 °C. 

The increase in strength the-aging at ~500 °C is due to hardening of δ ferrite, as can be seen in Figure 3. It is 

known that chromium laminates from the bcc solid solution in steels of similar composition at these 

temperatures, and decomposition of δ ferrite also occurs, with precipitation of dispersed intermetallic phase 

Ni3Ti and Cr2N nitrides. Aging at temperatures above 600 °C induce precipitation of carbides of the M23C6 

type. The hardening of the γ phase associated with this cannot compensate the softening of δ phase, which is 

evident in the gradual reduction of the duplex steel (see Figure 2). 
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These changes in the structure and mechanical properties after aging are apparent also in the character of the 
fracture (Figure 4). Despite the substantially lower impact strength after HTMP, the fracture of the steel is 

ductile (dimpled) both after standard quenching and after HTMP (Figure 4 a). This type of fracture is also 

typical for samples aged at 400 °C. In the range of aging temperatures at which the ductility first declines the 

microphotography of the fracture surface changes abruptly. After standard quenching there are distinct traces 
nucleavage cracks (Figure 4b). After HTMP and aging at 500 °C the fracture is basically transcrystalline 

(Figure 4c), sections of intercrystalline fracture characterized by serrated grain boundaries are rarely observed 

(Figure 4d). These results indicate that HTMP of duplex austenitic-ferritic type is an effective method of 

increasing the strength with retention of fairly high ductility, toughness, and other operating characteristics. At 

the same time, the duplex material has several special characteristics associated with the difference in the 

processes of high-temperature deformation of bcc and fcc lattices, the presence of the δ/γ interphase boundary, 

the difference in the thermodynamic stability of solid solutions of δ and γ phases, etc. 

 

Figure 4 SEM fractographs of steel 07CCr18Ni12TiV (1000x). a) after quenching; b) after quenching + aging 

at 5000; c) HTMP + aging at 500 °C (typical section); d) HTMP + aging at 500 °C (section of intercrystalline 

fracture)  

The HTMP stimulates decomposition of δ ferrite with precipitation of secondary austenite, and this must be 

taken into account if formation of γ ‘ phase is undesirable. However, HTMP promotes more even distribution of 

carbide phase in the bulk of the steel, and therefore no negative effect of low-temperature quenching after 

plastic deformation is observed. 
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The principal hardening effect of HTMP is due to fragmentation of the bulk of the material in microscopic areas 
strongly misoriented with respect to each other (Figure 3c), in which the boundaries between then are effective 

barriers to plastic slip. The quicker occurrence of polygonization and annihilation of dislocations in δ ferrite as 

compared with austenite leads to less hardening of δ phase (Figure 3). An increase in the volume percentage 

of δ phase under these conditions of HTMP would evidently reduce the hardening effect. The serration of the 

δ/γ and δ/γ ‘ interphase boundaries observed during HTMP inhibits formation and propagation of intercrystalline 

cracks. The high stability of the dislocation arrays in austenite increases the resistance of γ phase to aging in 

comparison with δ phase. While δ phase begins to soften during aging at temperatures >500 °C , austenite 
retains its strength up to much higher temperatures, and at 650-700 °C its strength even increases. Thus, the 
high resistance to softening at elevated aging temperatures of duplex steel subjected to HTMP is due to the 

stability of the fragmented austenitic component of the structure. An increase in the volume percentage of δ 
ferrite in the duplex steel subjected to HTMP should lead to a reduction of its heat resistance at aging 

temperature above 500 °C. The nonequilibrium of the supersaturated solid solution of δ phase creates the 
possibility of further strengthening of the duplex steel by aging. Aging at temperatures around 500 °C may 

additionally increase the strength of δ phase due to intermetallic and nitride precipitation hardening. The 
possibility of carbide hardening is not excluded if it is possible to fix atoms of C, Ti, and V (freed with the 
solution of primary carbonitrides) in the solid solution. On the whole, the effect of fragmentation and 
precipitation of finely dispersed precipitates on hardening is additive, and therefore the curves in Figure 3 for 
steel 07CCr18Ni12TiV after quenching and after HTMP are identical in character. However, the fracture 
toughness is less sensitive to aging temperatures in the range of 20-600 °C after HTMP. Aging of steel 
07CCr18Ni12TiV at temperatures up to 400 °C has no noticeable effect on its strength or ductile 
characteristics. However, aging at 500 °C, leading to a substantial increase of the yield strength and ultimate 
strength, cannot be recommended, since the ductility of the steel decreases. 

4. CONCLUSION 

• HTMP of duplex austenitic-ferritic type as for single-phase steels, is an effective method of increasing 

the strength with retention of fairly high ductility, toughness. 

• The principal hardening effect of HTMP is due to fragmentation of the bulk of the material in microscopic 
areas strongly misoriented with respect to each other. 

• Fracture toughness is less sensitive to aging temperatures in the range of 20-600 °C after HTMP 
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Abstract  

One of the most important causes of steel sections failures are the residual stresses. They are those stresses 

that are locked in the profiles without of application of any service or internal loads. They influence the material 

properties of rolled materials and as a consequence the propagation of cracks. Based on the received results, 

three dimensional finite element analysis of the roller straightening process of chosen H-section was found to 

be promising for the designing of optimal setting of each roll. 

Three dimensional finite element modelling of the roller straightening process of H-section beams is presented 

in the paper. An explicit-dynamic method by using ABAQUS solver was adopted to realize the feeding of H-

sections into the intermeshed rolls by rotating the upper rolls and to accomplish the calculation under condition 

of frequent contact between H-section and roll interface. Realistic kinematic boundary conditions are 

implemented in the research; the longitudinal movement of the product through straightening machine 

achieved by the rollers and the friction. For the constitutive equation of the material, elastic-plastic hardening 

low was used. The effect of the roll gap on the straightness of the chosen H-section after straightening process 

was examined. Equivalent stresses, strains, forces and torques parameters were calculated as well. Well 

known global effects eg. increasing of the web height, flapping of the H-section towards rollers occurs in the 

research as well. The residual stress can be reduced by reasonable straightening process and it contributes 

to improving the quality and secure life of H-sections.  

Keywords: Roller straightening, residual stresses, H-sections, elastic-plastic material, numerical simulations  

1. INTRODUCTION 

The adequate straightness of long products (e.g. H-sections, I-sections) is one of the most important factors 

for the quality and value as merchandise [4]. It is also important parameter determining service life of sections. 

Long products are distorted after hot rolling and cooling on the cooling bed [5]. The curvature of the sections 

is caused by the residual stresses, which are induced by inhomogeneous cooling, TRIP effect, repeated 

bending and frictional effects. To meet the demand of straightness of sections and to reduce the residual 

stresses in the sections, straightening process is added to the production chain. During straightening the 

section moves through series of driven and non driven rollers, which are located alternately above and below 

the section. While the section is passing through the rollers in the longitudinal direction it is loaded by a 

fluctuating bending moment beyond his elastic limit. Combination of bending, shear and roll contact stresses 

lead to redistribution of residual stresses and decrease the initial distortion. This operation is very important 

because it is the final deformation process of the production chain and has been commonly used to acquire 

the adequate straightness. However, settings of design variables such as rotating speed, roll gap, roll 

intermesh and so on are still prepared empirically. Many researchers have studied the fundamental mechanics 

of rolling straightening process using simplified numerical analysis [1-4]. In the present paper, three 

dimensional finite element research of the roller straightening process of chosen HE beams were performed 

to validate this analysis to the actual settings of the design variables on rolling straightening process. Moreover, 

the effect of roll gap on the rolling straightening process is discussed. Finally, it obtained the regulation in which 

the residual stresses are smaller, so it makes the important theoretical and actual sense to formulate the 

rational straightening process and improves the straightening quality of H sections. 
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2. STRAIGHTENING PROCESS OF H-SECTION BEAMS 

Compound straightening way consist of horizontal roller unit that is made of ten rollers and a guided roller and 

can straighten up to HE160 sections. In straightening process of H-sections, deformation process can be 

divided into eight triangular deformation zones when H-beam is straightened by 9+1 straightening rollers,  
as shown in the Figure 1. The geometry of H-section analyzed in the paper is the standard wide flange  

beam HE160B. The intermeshes are given by offsetting the rolls 2, 4, 6, 8 and 10. The original intermesh  
(version A) was given according to that of Celsa Huta Ostrowiec steel company, as shown in Table 1. 

 

Figure 1 The roller layout of 10-rollers straightener 

Table 1 Set of straightening parameters, version A 

Roller No. 1 2 3 4 5 6 7 8 9 10 

D, mm 590 

t, mm 650 650 650 650 650 650 650 650 650 650 

S, mm 598.1 598.1 598.1 598.1 598.1 598.1 598.1 598.1 598.1 598.1 

Deflection, 

mm 

V - 5.5 - 7.2 - 5.4 - 4.0 - 4.0 

H - 0 - 0 - 0 - 0 - 0 

3. THE DESIGN OF SIMULATION OF STRAIGHTENING PROCESS 

The finite element simulation modelling was performed with the aid of commercial code ABAQUS ver. 6.17. 

Dynamic explicit method was adopted for all calculations. Mass scaling factor was taken as unity and was not 

adopted in the calculations. The models are three dimensional, but the XY symmetry plane is used, so only 

half of H-beam is modelled. The rollers are non-deformable rigid bodies, all have a diameter of approx. 600 

mm and a constant circumferential speed 3 m/s. The rollers are placed in theirs adjusted positions. Then, the 

H - sections were fed into the intermesh by the bottom rotating rolls. Finally, the roll gap is defined as a distance 

between flange and rolls at the initial setting, which is another design variable. The roller adjustments of version 

B simulated process is experimental and confidential (in comparison to version A - change of setting in the V-

H directions). The friction coefficient between the H-section and rolls was set at 0.15. At the current project 

stage, the material model is simplified. The cyclic tension-compression loading is not yet taken into account. 

Elastic-plastic material behaviour is used; the yield stress, tensile stress and elongation for both versions of 
the simulations are presented in the table 2 [6]. For the sake of simplicity, the unstraightened H-beams in the 

FE models are straight, curvature due to primary processes are not taken into account here, and free of any 

residual stresses. The H-beams, rolls and guide are meshed with reduced integrated hexagonal elements 
(type C3D8R) for the discretization. Figure 2 shows the geometry and discretization of H-section (HE160). 

The H-section, rolls and guide are meshed with around 3,500,000 elements and 4,000,000 nodes. 
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Table 2 Material parameter of rollers and H-beams used for FEM calculations (20 °C) 

Material 

parameter 

Density 

(kg/m3) 

Young modulus 
(MPa) 

Poisson’s 
ratio 

Yield stress 

(MPa) 

Tensile 
stress 

(MPa) 

Elongation 
A5 

(%) 

H-beam 7,800 210,000 0.3 314 432 36.2 

roller 7,800 280,000 0.3 - - - 

 

Figure 2 Discrete model of H-section analyzed. 

To avoid excessive upwards movement of the profile’s end at the entrance to the RDM straightening machine, 

a guide is implemented in the model. The H-section runs through this guide, the guide restrains the upward 
(vertical) movement of the product. Figure 3 presents the model of H-section straightening in the state, where 

the guide as well as all the rollers are in contact with the H-section. 

    
Figure 3 The state where the guide as well as the rollers are in contact with the H-section 

4. RESULTS AND DISCUSSION 

4.1. Straightening forces  

The vertical straightening forces were registered in the calculation at the all rollers and torques on the driven 

rollers. Based on the research received from the simulation it can be noticed that change of the straightening 
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strategy from setting A to setting B caused significant decreasing parameters during straightening on each 
roller. The highest drop of the force (around 200 kN) was observed on rollers 3 - 6 and 9 (see Figure 4).      

 

Figure 4 Comparison of the vertical straightening forces for setting type A and B 

4.2. Equivalent strains and residual stress 

The calculated distribution of the equivalent strains for both straightening scheme (version A and B) are shown 
in the Figure 5. In case of straightening of the HE160 section according to version A it can be shown, that the 

level of equivalent plastic strain is exceeded on the whole section of the web thickness, Figure 5a.  

        

Figure 5 Equivalent plastic strain during bending by the roll No. 3: a) according to schedule A b) according to 

schedule B 

Change of the straightening setting for settings B helped on decreasing of the equivalent plastic strain level, 
what gave possibility for safe straightening of the section in the rest straightening rollers (see Figure 5b). The 

calculated distribution of the equivalent von Misses stress and longitudinal mean normal stress after 
straightening the HE 160 section according to version B are shown in the Figure 6a and Figure 6b. The 

longitudinal stresses (S11) are the dominant stresses in this process if we compare them to the rest of the three 

axial stress components (S22 and S33). These variables can be analyzed during straightening as well, but as 

discussed in the introduction, the stresses remaining in the section after straightening are of major importance. 

FE simulation results show that stress concentration is located in the root area at the web end, (see  
Figure 6a). Additionally, local web necking in the plastic hinge occurs. The finite element calculates a decrease 

of web thickness in the plastic hinge of approximately 8 % (see Figure 6b). It can be concluded that the area 

of the plastic hinge is the most critical area concerning residual stresses. Analysis of the residual stresses in 

the symmetry axis of the section show that (for straightening with the settings B) the level of longitudinal stress 

a) b) 
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is transition from tension to compression and tension stress and do not exceed 50 MPa in the web core (see 
Figure 7). In case of straightening with the setting type A, the level of registered compression stress is much 

higher and reach max value 125 MPa.   

                

Figure 6 Results of calculation - H-beam after straightening (schedule B): a) distribution of von Misses 

stress, b) distribution of the longitudinal normal stress S11 

 

Figure 7 Distribution of the longitudinal normal stresses S11 in the H-beam along web symmetry  

(schedule B) 

4.3. Product geometry 

From practice, it is well known that the flange of an H-section flaps 

towards the roller during straightening. This effect is observed in the 
research as well. Figure 8 exemplarily shows the shape of the 

sectional geometry of the H-section straightened for the settings type 

B at for different rollers. The flange moves towards the upper rollers 

1 and 3 and moves towards bottom rollers 4 and 6. The movement of 

the flange is restricted by the working rollers and the maximum 

displacement is reached when the tip of the flange touches the face 

of the roller. Presented simulation results prove as well increasing of 

the web high of the H-section during straightening. The measurement 

of the distance on the mesh nodes show insignificant increasing 

length of the web (approx. 2 %) caused by the straightening process.  

 

a) b) 

Figure 8 Calculated cross 

sectional geometries in HE160B 

beam during straightening at 

different rollers  
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5. CONCLUSIONS 

Analysis of the phenomena intervening during sections straightening in the industrial conditions are very 

difficult, and frequently impossible. Essential role plays then possibility of conducting of numerical simulation, 

which for straightening of heavy and medium sections comprises essential tool for comprehensive analysis of 

the process. Three dimensional finite element analyses on a straightening process of H-sections by roller 

straightener were performed for validation of usefulness of research to the actual settings. The obtained 

conclusions can be summarized as follows: 

1) Calculation results show essential influence of intermesh setting of the rollers on the level of residual 

stresses in the web section after straightening.       

2) Proposed in the research changes of the roll gap and bending angles from schedule A to schedule B 

helped on improvement of the straightening quality of straightened H-section in the industrial conditions.   

3) Prepared analysis of H-section helped on evaluation of the extent of plastic deformation accumulation 

between a flange and a web, which is very important to behave soundness and straightness of the H-

section in the corner region. 

4) Calculation results estimated the change of cross sectional shape of straightened H-beam. 

5) The optimum combination of process parameters was determined from numerical analysis results and 

applied in the industry during straightening technology of HE 160 sections.  
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Abstract 

With using of anizothermal plain strain compression tests, which were performed on the Hot Deformation 

Simulator HDS-20, the physical simulation of rolling and following cooling of seamless tubes from steel 

42CrMo4 was performed. The aim was to simulate the thermomechanical conditions during piercing as well 

as rolling in a pilger mill of the seamless tubes with the final diameter of 273 mm (with the wall thickness of 

6.3, 20 and 40 mm) and evaluate the influence of the finish rolling temperatures (chosen in the range from 820 

to 970 °C) on microstructural and mechanical properties of the investigated steel. In the case of tubes with the 

wall thickness of 6.3 and 20 mm the highest hardness was reached at finish rolling temperature of 820 °C and 

the microstructure of samples was formed by majority share of martenzite and minority share of bainite. In the 

case of simulation of tube rolling with the wall thickness of 40 mm the chosen finish rolling temperatures did 

not fundamentally influence the hardness of strained samples and final microstructure of all these samples 

was formed by the mixture of bainite, ferrite and pearlite. 

Keywords: Seamless tubes, plain strain compression tests, microstructure, hardness 

1. INTRODUCTION 

Constantly growing requirements for mechanical properties of the seamless tubes while preserving the 

production technologies together with limited possibilities of modification of the chemical composition of the 

used steels lead to an investigation of the usability of their thermally-controlled rolling. The conditions of 

controlled rolling are generally known [1-4], but it is not possible to apply them easy to any rolling equipment. 

Accessible literature contains works resolving influence of selected parameters of controlled rolling on the 

resulting structure and properties of the seamless tubes [5-7]. Rolling of seamless tubes is a specific method 

of material hot forming which, in comparison with the classic rolling technologies (for example rolling of strips, 

rods, wires and so on), requires heating of the input material to very high temperature. The reason is piercing, 

consequential elongation and calibration of the seamless tube in one heat. By reason of material conveyance, 

there are relatively long dwell times between these operations, which significantly influence the structure of 

the rolled tubes. Another specificity of rolling of seamless tubes, which influences their final properties, is their 

relatively small total strain, respectively a low degree of deforming [8,9]. 

The Mannesmann method of production of seamless tubes is based on the principle of extrusion piercing with 

skew rolling, consequential elongation of the perforated half-finished products in a pilger mill and final 

calibration of the rolled tubes. These method is used for the production of seamless tubes with an external 

diameter from 60 to 660 mm with a wall thickness of 3 - 125 mm. As an initial material, mostly steel smoothly 

cast blanks with a circle cross-section are used, but as an alternative, ingots with a circle cross-section can be 

also applied [10,11]. 
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The aim of the presented paper was to investigate, with the use of laboratory anizothermal interrupted plain 

strain compression tests, influence of finish rolling temperature on structural and mechanical properties of the 

seamless tubes from the 42CrMo4 steel with an external diameter of 273 mm with a wall thickness of 6.3, 20 

and 40 mm, which are rolled in Třinecké železárny a.s. by the Mannesmann method. 

2. EXPERIMENT DESCRIPTION 

The anizothermal interrupted plain strain compression tests are mainly used for physical simulation of volume 

forming processes. Limited material spreading in rigid ends (undeformed areas of the specimen) are used for 

this type of compression testing [12]. For these tests, respectively simulation, Hot Deformation Simulator HDS-

20 can be used, with help of which up to 20 partial deformations (realized in a wide range of strain rates from 

0.005 to 100 s-1) can be programmed with precise control of temperature of the tested specimen during its 

heating, deformation and cooling. 

Prismatic specimens with sizes of 10 x 15 x 20 mm were prepared from the investigated steel 42CrMo4 with 

a chemical composition (in wt. %) of 0.43 C - 0.8 Mn - 1.01 Cr - 0.193 Mo - 0.004 V - 0.001 Ti - 0.002 Nb. 

These specimens were consequently deformed, respectively locally compressed, by anvils with a width of 5 

mm on the Hot Deformation Simulator HDS-20. 

By reason of simulation of the whole process of seamless tubes rolling, i.e. including piercing and elongation 

by the Mannesmann method, all specimens were heated by a electrical resistance heater with a rate of 5 °C·s-

1 to temperature of 1,290 °C with a dwell time of 5 minutes at this temperature. The specimens were 

consequently deformed by three pass. The first pass represented deformation at piercing, the second and third 

ones represented deformation at the pilger mill. The simulation of deformation at the pilger mill was divided in 

two pass by reason of simulation of the change of temperature of the deformed material under operating 

conditions of rolling. The specimens were consequently cooled down to temperature of 400 °C. The 

parameters of deformation (eh - height strain (-), ė - strain rate (s-1), eh(total) - total height strain (-)) and final 

cooling of the specimens during plastometric simulations are shown in Table 1. During the inter-pass dwell 

times, a controlled decline of temperature were proceeding according to the selected temperatures of particular 

pass - see Table 2. 

Table 1 Parameters of deformations of individual  

             plastometric simulations Table 2 Individual pass temperatures 

Simulated 
tube wall 
thickness 

Pass 
number 

eh ė eh(total) 
Final 

cooling 
rate 

(mm) (-) (-) (s-1) (-) (°C·s-1) 

6.3 

1 0.33 4.8 

1.77 0.70 2 0.49 21.8 

3 0.95 21.8 

20 

1 0.28 3.9 

1.27 0.44 2 0.33 12.4 

3 0.66 12.4 

40 

1 0.21 3.1 

0.85 0.25 2 0.22 8.2 

3 0.42 8.2 
 

Variants of 
individual 

pass 
temperatures 

T1 T2 T3 

(°C) (°C) (°C) 

1 1,290 900 820 

2 1,290 950 870 

3 1,290 1,000 920 

4 1,290 1,050 970 
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The inter-pass dwell times were identical for all versions of the simulated wall thicknesses and finish rolling 

temperatures. The inter-pass dwell time between the first and second reductions lasted 60 sec., respectively 
the inter-pass dwell times between the second and third pass lasted 10 sec. Temperature T1, represented the 

piercing temperature, was in all cases equaled of 1,290 °C. Temperature T2 represented temperature of 

material at the input behind the pilger mill and was chosen in the range from 900 to 1,050 °C. Temperature T3 

represented the finish rolling temperature on the pilger mill and was chosen in the range from 820 to 970 °C. 

3. PROCESSING OF MEASURED DATA AND DISCUSSION OF RESULTS 

Figure 1 shows dependence of deformation temperatures on deformation resistance of the investigated steel 

at the plastometric simulation of the rolling of seamless tubes with a wall thickness of 6.3 mm. Figure 2 

represents an example of the dependence of deformation temperatures on deformation resistance of the 

investigated steel at the anizothermal interrupted plain strain compression tests, performed at the fourth variant 
of the simulated deformation temperatures (T2 = 1,050 °C, T3 = 970 °C). 

 

Figure 1 The influence of deformation temperatures on deformation resistance of the investigated steel at 

simulation of the rolling of tubes with a wall thickness of 6.3 mm 

 

Figure 2 The influence of the strain on deformation resistance at the fourth variant of the simulated 

deformation temperatures (T2 = 1,050 °C, T3 = 970 °C) 

After plastometric simulations, metallographical analysis was performed on all specimens with the use of 

traditional light microscopy. The deformed part of the specimen was tested in a cross section, in the middle of 

its length. Photo documentation of the selected specimens microstructure after plastometric simulations is 

presented in Figure 3 - Figure 5. The microstructure of the selected specimens simulating the wall thickness 
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of 6.3 mm is specified in Figure 3. At the simulated finish rolling temperature of 820 °C and 870 °C, the 

microstructure consisted of a mixture of martenzite and bainite. In the case of a specimen deformed at the 

finish rolling temperature of 820 °C, there was a majority share of martenzite - see Figure 3a. The 

microstructure of the specimens finally deformed at temperature of 920 °C and 970 °C consisted mostly of 

bainite with a minority share of ferrite. At the simulated finish rolling temperature of 970 °C, bainite was 

configured in relatively rough blocks - see Figure 3b. After intensive final deformation, probably, a quick course 

of static recrystallization occurred and, evidently, austenitization grain roughen prior to the phase 

transformation. 

  

a) finish rolling temperature of 820 °C b) finish rolling temperature of 970 °C 

Figure 3 Microstructure of the specimens after the simulation of the tube wall thickness of 6.3 mm 

The microstructure of the specimen simulating the wall thickness of 20 mm and deformed at the finish rolling 

temperature of 820 °C consisted of the majority share of martenzite with a very small share of bainite - see 

Figure 4a. The microstructure of all remained specimens simulating a wall thickness of 20 mm consisted, 

mainly, of bainite with a minority share of martenzite and ferrite, whereas martenzite was mainly in segragation 

bands - see Figure 4b. 

  

a) finish rolling temperature of 820 °C b) finish rolling temperature of 920 °C 

Figure 4 Microstructure of the specimens after the simulation of the tube wall thickness of 20 mm 
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The microstructure of the specimens simulating a wall thickness of 40 mm in all cases consisted of a mixture 

of bainite, ferrite and pearlite, whereas the bainite share in all cases was majority - see Figure 5. The influence 

of the finish rolling temperature in this case was eliminated by a small final strain and very low cooling rate. 

The applied low cooling rates of the deformed specimens led in all cases to the origination of prohibited phases 

(martenzite and bainite) in the microstructure of the investigated steel, which is in accordance with the 

transformation diagrams of steel 42CrMo4 presented in papers [13,14]. 

  

a) finish rolling temperature of 820 °C b) finish rolling temperature of 920 °C 

Figure 5 Microstructure of the specimens after the simulation of the tube wall thickness of 40 mm 

All specimens were after metallographical 

analyses tested for hardness by Brinell (HBW). 

The hardness was measured at half of the 

height of the deformed part of the specimen. A 

ball with a diameter of 2.5 mm was squeezed 

into the material with a force of 1839 N, 

whereas each specimen was tested three-fold 

and consequently the average value of its 

hardness was determined. An influence of the 

simulated finish rolling temperature on 

hardness of the plastometrically tested 
specimens is documented in Figure 6. The 

increase of hardness of the investigated steel 

due to decreasing the finish rolling 

temperatures was fundamentally evident in the 

case of the simulated wall thickness of 6.3 mm, 

respectively in the case of the simulated wall thickness of 20 mm and the finish rolling temperature of 820 °C. 

Considering dispersion of data in the measurement hardness, it can be stated that the measured values 

comply with the phase composition of the microstructure of individually deformed specimens.  

4. CONCLUSIONS 

With using of the anizothermal interrupted plain strain compression tests, there was simply simulated a process 

of piercing and rolling of the seamless tubes with an extern diameter of 273 mm with a wall thickness of 6.3, 

20 and 40 mm for the purpose of investigation of the influence of finish rolling temperatures on mechanical 

and structural properties of steel 42CrMo4. 

Figure 6 Dependence of hardness on finish rolling 

temperature 
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From the point of view of hardness increasing, in the case of specimens simulating tubes with a wall thickness 

of 6.3 and 20 mm, temperature of 820 °C seems to be optimal. In these cases, the microstructure of 

plastometrically tested specimens consisted mostly of martenzite, which was completed by a minority share of 

bainite. 

The selected finish rolling temperature, however, fundamentally did not influence the microstructure and 

hardness of the specimens simulating rolling of seamless tubes with a diameter of 273 mm with a wall thickness 

of 40 mm. By these reasons, it is thus clear that the decrease of the existing finish rolling temperatures in case 

of tubes with a wall thickness of 40 mm has no sense. 

ACKNOWLEDGEMENTS 

The research was supported by the grant projects FV10253 (MPO ČR), LO1203 (MŠMT ČR), 
SP2018/60 and SP2018/105 (MŠMT ČR). 

REFERENCES 

[1] TEOH, L. L. Thermo-mechanical processing and microstructure of microalloyed steel bar and wire rod products. 
Journal of Materials Processing Technology. 1995. vol. 48, no. 1-4, pp. 475-485. 

[2] MESPLONT, C. Grain refinement and high precipitation hardening by combining microalloying and accelerated 

cooling. Revue de Metallurgie - CIT. 2006. vol. 106, no. 5, pp. 238-246. 

[3] VERLINDEN, B., DRIVER, J., SAMAJDAR, I. and DOHERTY, R.D. Thermo-mechanical processing of metallic 

materials. 1st ed. Oxford: Elsevier, 2007. p. 528. 

[4] BARANI, A.A., LI, F., ROMANO, P., PONGE, D. and RAABE, D. Design of high-strength steels by microalloying 
and thermomechanical treatment. Materias Science and Engineering: A. 2007. vol. 463, no. 1-2, pp. 138-146. 

[5] PUSSEGODA, L.N., YUE, S. and JONAS, J.J. Laboratory simulation of seamless tube piercing and rolling using 
dynamic recrystallization schedules. Metallurgical Transactions A. 1990. vol. 21, no. 153-164. 

[6] KAWULOK, P., JURČA, R., SCHINDLER, I., RUSZ, S., TUROŇ, R., OPĚLA, P. and KAWULOK, R. Laboratory 
Controlled Rolling of Microalloyed Steel for Production of Seamless Tubes. In: Materials Structure & 
Micromechanics of Fracture VIII, Conference Proceedings - Solid State Phenomena, Zurich: Trans Tech 

Publications Ltd, 2017, vol. 258, pp. 611-614. 

[7] WANG, B. and LIAN, J. Effect of microstructure on low-temperature toughness of a low carbon Nb-V-Ti 

microalloyed pipeline steel. Materials Science and Engineering: A. 2014. vol. 592, pp. 50-56. 

[8] GULYAYEV, Y.G., MAMUZIC, I., SHYFRIN, Y.I., BURSAK, M. and GARMASHEV, D.Y. Perfection of processes 
of seamless steel tubes production. Metalurgija. 2011. vol. 50, no. 4, pp. 285-288. 

[9] WANG, F.J., SHUANG, Y.H., HU, J.H., WANG, Q.H. and SUN, J.CH. Explorative study of tandem skew rolling 
process for producing seamless steel tubes. Journal of Materials Processing Technology. 2014. vol. 214, no 8, 

pp. 1597-1604. 

[10] KOMORI, K. Simulation of Mannesmann piercing process by the three-dimension rigid-plastic finite-element 
method. International Journal of Mechanical Scinces. 2005, vol. 47, no. 12, pp. 1838-1853. 

[11] JOUN, M.S., LEE, J., CHO, J.M., JEONG, S.W. and MOON, H.K. Quantitative Study on Mannesmann Effect in 
Roll Piercing of Hollow Shaft. Procedia Engineering. 2014, vol. 81, pp. 197-202. 

[12] MANDZIEJ, S.T. Physical simulation of metallurgical processes. Materiali in tehnologije. 2010. vol. 44, no. 3, 

pp. 105-119. 

[13] NÜRNBERGER, F., GRYDIN, O., SCHAPER, M., BACH, F.W., KOCZURKIEWICZ, B. and MILENIN, A. 
Microstructure transformations in tempering steels during continuous cooling from hot forging temperatures. Steel 

Research International. 2010. vol. 81, no. 3, pp. 224-233. 

[14] KAWULOK, P., OPĚLA, P., KUBINA, T., SCHINDLER, I., BOŘUTA, J., ČMIEL, K. M., RUSZ, S., LEGERSKI, M. 
and ŠUMŠAL, V. Deformation behaviour of low-alloy steel 42CrMo4 in hot state. In: Metal 2011: 20th Anniversary 
International Conference on Metallurgy and Materials. Ostrava: TANGER, 2011, pp. 350-356. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

291 

THE RELATIONSHIP BETWEEN FORCE-EXTENSION DIAGRAM AND VISUAL INSPECTION 
ON THE EDGE CRACKING TENDENCY OF DUAL PHASE STEELS 

Refiye ARDALI 1,2, Omer YILDIRIM 1, Kubilay SAHIN 1, Onur SARAY 2* 

1 BORÇELIK R&D Center, Bursa Turkey 
2 Bursa Technical University, Dept. Mechanical Engineering, Bursa, Turkey,  

*onur.saray@btu.edu.tr 

Abstract 

Light-weighting targets of the automotive sector requires to use of advanced high-strength steels (AHSS) with 

higher strength more extensively. However, as a common behavior, increasing strength levels of AHSS 

accompanied with decreasing ductility/formability levels. This behavior become more pronounced during 

secondary deformation of a blanked edge. To examine this concept, hole expanding (HE) test, that simulates 

the local formability of the edges after blanking operations, has been started to be widely used. In this study, 
deformation stages of the HE tests were examined by means of main characteristics and variations of F (force) 

- X (extension) curves and derivative of F with respect to the X (dF/dx) during the punch travel until cracking. 

In order to correlate variation in curve characteristics with deformation stages, high-resolution camera images 

of the tested samples concurrently collected during the whole test and main relationships between them were 

determined. Based on these relationships a new approach to predict “stop stroke” of the HE tests is proposed. 

Therefore, elimination of the visual inspection and decision making of an operator or an in-situ image 

processing software is aimed. Proposed approach was developed using DP600 steel with a thickness of 1.2 

mm as a common steel grade that widely used in automotive industry. Also, validation of developed “stop 

stroke” criteria was tried in HE testing of thinner and thicker DP600 samples. Results showed that a good 

prediction of stop stroke can be achieved by using proposed approach.  

Keywords: Hole expansion, local formability, dual phase steels, edge cracking  

1. INTRODUCTION 

The ever-increasing expectation of low fuel consumption in modern automobiles requires reducing the body 

panel weights in the automotive sector. For weight reduction purposes materials with higher strength and 

adequate ductility have been started widely to be used by automotive industry. [1, 2]. Also, by aid of advanced 

stress analysis and optimization techniques, regions under effect of low stress levels are extracted via blanking 

or laser cutting techniques to increase weight reduction. In order to enhance strength of these extracted 

regions, one of the most widely used technique is forming of flanges at the edges [3, 4]. However, this approach 

also comes up with serious formability degradation problems due to increased cracking tendency of blanked 

edges [5]. The matter become more pronounced when this strength enhancement approach is applied to 

advanced high strength steels (AHSS) [6, 7]. This case requires to generate a local formability based input 

data for the design studies to form crack-free flanges in lightweight automobile body parts. Nevertheless, the 

traditional "Forming Limit Curve", which is widely used in simulation of the sheet metal forming operations, is 

insufficient to determine forming limits of an edge generated by blanking operations [8]. This is basically based 

on the fact that the process parameters used during blanking (punch / die clearance, cutting speed, etc.) cause 

significant changes in the mechanical behavior of the edges to be formed [8]. In this context, "Hole Expansion 

(HE) Test", which has been used to reveal local forming behaviors of blanked edges [2, 3, 6, 9, 10]. 

One of the important points in interpreting the results of the hole expansion test is the decision making for 

termination of the test. At present, according to ISO 16330 standard, an operator decides to terminate test by 
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naked eye observation of a crack propagated through the full thickness. However, this human based decision-

making procedure causes errors in repeatability of the test results. Consequently, it is necessary to perform 

this operation independent to human in order to enhance accuracy and repeatability of the HE test results.  

On the point of view above, in this study, a new approach is proposed for decision making to terminate HE 
tests based on the punch force (F) and punch stroke (X) data. In order to build a determination criterion for HE 

tests, the relationships between the F-X curve characteristics and deformation behavior of a steel sheet using 

high definition camera images collected during the HE tests. In this criterion, it has been shown that, derivation 

of the punch force with respect to punch stroke can be used as a good, precise and low-cost indicator to 

determine the moment of crack initiation and propagation in the HE test.  

2. MATERIAL METHOD 

DP 600 steel sheets with chemical composition of 0.122 % C, 0.27 % Si,1.547 % Mn, 0.013 % P, 0.002 % S 

were chosen for study due to their wide range applications in automotive industry. The samples with the 

thickness of 1.2 mm were cut 100x100 mm. A hole with a 10 mm diameter was punched using a die with a 

clearance of 12.5 %.  

Hole expansion test were performed on a servo-hydraulic test rig with a force capacity of 600 kN and 

instrumented with precise stroke sensors and high definition camera. The camera placed to the test rig with a 
sight direction coincident to punch axis as shown in Figure 1(a). The tests were applied according to ISO 

16630 using a 60° conical punch and 0.75 mm s-1 test speed without lubrication. Punch force (F) -punch stroke 

(X) data was collected during the test. In order to follow the deformation of the sample during the tests, an 

image processing software attached to camera was used. This software allows following the hole during the 

test and with this way the test can be stopped when the crack formation is seen on the video images. Based 

on ISO 16630, propagation of a crack through the thickness of the sample is considered as the termination 

condition. Hole expansion ratios (HER) were obtained for each sample as a percentage according to equation 
(1), where Do and Dh are initial and final hole diameters, respectively.                        

Hole expansion ratio (λ) =  
�Ð��Ñ

�Ò
∗ 100                                                                                                            (1)   

    

Figure 1 (a) Equipment for hole expansion test, (b) Photographs of tested samples 

In order to follow the relationships between the deformation stages of the test and accompanied F-X 

characteristics early termination points were applied. In this direction, tests were stopped manually at different 
levels named as 1 to 8. The images of the expanded samples are shown in Figure 2(b). On the purpose of 

observing the relationship between the camera images and the F-X curve and variation of first derivative of F 

with respect to X (dF/dX) were calculated and X versus dF/dX curves graphed. Each sample was cut with wire-

EDM in the horizontal axis to measure thickness reduction of the expanded holes.   
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3. RESULTS and DISCUSSION 

Punch strokes at termination, corresponding final diameters and HER% values of each deformation stage of 
HE tests of 1.2 mm thick DP600 steel is represented in Table 1. Photographs taken at the end of each 

deformation stages were represented in Figure 2. Stereo microscope views of cross-section of the samples 

tested with various punch strokes were represented in Figure 3. In these table and figures, levels 1-6 indicates 

conditions in which tests were terminated in punch strokes given in Table 1 and level 8 represents the condition 

in which test was terminated using in-situ processing of live video images. Level 7 on the other hand, 

represents the condition in which the termination punch stroke was determined based on the approach that 

proposed in the current study to predict the punch stroke and/or level of deformation where cracks are expected 

to be initiated or about the propagate. 

 

Figure 2 The hole images at the end of the test 

As can be seen Table 1 and Figure 2, increasing punch strokes caused a continuous increase in diameters 

of the holes. At the final level of the test 1.2 mm thick sample represented a HER of about 29.7 %. However, 

deformation of a sample did not occur in a homogenous manner by means of the punch stroke-hole diameter 
relationship. As can be seen in Figure 2, applied punch strokes expands the hole with a continuously variable 

contact between the conical surface of the punch and bottom edge of hole. According to ISO 16330 standard, 

initial holes of the HE tests were punched with a specified clearance leading to formation of three distinct 

regions through the thickness of the sample i.e: indentation zone, shear zone and fracture zone as shown in 
Figure 3(a). Formation of these zones decreased the thickness of the hole from 1.2 mm to 1.145 mm  

after punching. At the initial levels of the deformation, conical punch surface mainly contacted with the 

indentation zone. This caused bottom hole edge to undergo local plastic deformation due to the nearly line 
contact (Figure 3(b)). As a result of this local contact condition, sheet thickness around the hole considerably 

decreased (Figure 3(b)). This local thinning also increased thinning per punch stroke (TPS) value (Table 1). 

Increasing the punch stroke affected the contact condition (Figures 3c - 3d) and transformed line contact type 

into area contact type. This transformation also sharply increased TPS as shown in Table 1. Area contact 

condition was also evident with increasing punch strokes but at the later levels of deformation, forming of the 
sheet by the conical punch, terminated the contract of the indentation edge to the punch (Figures 3e - 3f). 
This mainly caused a considerable decrease in thinning per punch stroke value (Table 1).  
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Table1 HER % values of the samples 

Sample 
(level) 

Diameter after 
expansion 

(mm) 

HER 
(%) 

Punch stroke 
(mm) 

Hole thickness 
(µm) 

Thinning per punch 
stroke (TPS) 

(µm/mm) 

1 10 0 1.36 1135 7.35 

2 10.09 0.9 2.43 1111 22.56 

3 10.3 3 3.53 1056 50.00 

5 11.17 11.7 5.97 1016 27.43 

6 11.6 16 6.85 1014 2.27 

7 (about to crack) 12.15 21.5 7.86 1006 7.92 

8 (cracked) 12.97 29.7 9.03 1006 0 

Above mentioned deformation stages/levels also alternate friction stresses, contact pressures thickness 

strains and strain rate through the test and thus, comprise a complicated deformation story. Moreover, pre-

straining of the test samples during the punching operation forms a gradient of plastic deformation behavior, 

mechanical properties due to the strain hardening behavior and damage accumulation through the hole 

thickness. As one can expect, these variations are not easy to detect in a routine test. However, they may also 

be expected to be effective on variations of the punch forces with increasing punch stroke. Hence, punch force 

can be considered as a good indicator to plastic deformation history of the HE tests.  

 

Figure 3 Cross-section thickness reduction measurement of samples 

The F-X graphs of all levels obtained from the test results are as shown in Figure 4. When the basic 

characteristics of the F-X curves were examined, it is understood that all the deformation levels have the same 

tendencies and these curves are comparable to each other by means of deformation behavior. At the initial 
stages of the tests, a linear F-X relationship is evident. This may represent elastic bending of the sample at 

the beginning of the deformation. At the plastic deformation dominated levels of the HE tests F-X curve 

represented continuously increasing curve characteristics. However, increase in punch force values are 
strongly affected from corresponding deformation levels. In order to distinguish these deformation levels, dF/dX 

vs. X curves were represented in Figure 5. 
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Figure 4 Punch stroke (X) vs. punch force (F) graphs of tested samples 

 

Figure 5 Alteration of dF/dX at the various levels of the HE tests 
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Figure 5 represents alteration of the dF/dX with punch displacement (X). At the initial stage of the deformation 

dF/dX remained constant through a limited punch displacement as a result of pure elastic bending of the 

sample (Figure 5a). Increasing punch displacement decreased dF/dX continuously (Figures 5b-d) and 

reached to a bottom value (Figure 5d). This value, represents the stage of deformation in which the contact 

between the indentation edge and conical surface of the punch terminated (Figure 5d and Figure 3d). Beyond 

this point dF/dX values increases sharply to the stage of where first crack is initiated (Figure 5e and Figure 
3e). This condition can be clearly seen in Figure 3e. Also, an increase in TPS value at level 7 may be taken 

as a good indicator occurrence of necking leading to considerable thinning prior to crack initiation. dF/dX values 

remained neatly constant with further punch displacement (Figure 5f) at this stage of deformation cracks 

propagated through the thickness of the hole.  

Based on above outlined experimental results, termination of the HE test can easily be predicted by 
observation of the dF/dX graphs. In order to validate proposed termination condition, 0.9 mm and 1.4 mm thick 

samples were also HE tested. Obtained F-X diagrams and dF/dX-X diagrams are represented in Figure 6. As 

can be understood from these diagrams, deformation stages in which crack initiation and propagation occurred 

can easily be predicted.  

  

Figure 6 Results of 0.9 mm and 1.4 mm thicknesses 

4. CONCLUSION 

The main findings and conclusion of the study can be outlined as follows: 

• Deformation of the sample does not occur in a homogenous manner by means of the punch stroke-hole 
diameter relationship in hole expanding test. This is mainly attributed to the variable contact conditions 
affecting friction stresses, contact pressures thickness strains and strain rate through the test. 

• First derivative of punch force with respect to X (dF/dX) is a good indicator to deformation levels of the 
hole expanding tests. This parameter can be successfully used in determination of necking, crack 
initiation, crack propagation stages and termination point of the HE tests. 
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Abstract      

Asymmetric cryorolling is a technique that combines the features of asymmetric rolling and cryorolling, and 

can be used to produce ultrafine grained aluminum sheets. The problem with asymmetric cryorolling is the 

heat generated in the roll gap by high contact friction and the plastic deformation. Prediction of temperature 

rise during asymmetric cryorolling is very important. The temperature rise can be as large as to increase the 

sheet temperature above the cryogenic temperature. Therefore it is necessary to estimate the actual sheet 

temperature during asymmetric cryorolling for a precise control of recovery, and hence of the grain size. This 

paper presents the results of the finite element simulation of heat transfer during asymmetric cryorolling of 

aluminum alloys. The effects of thickness reduction (20 - 60 %), rolls speed ratio (0 - 60 %), friction coefficient 

(0.1 - 0.4), rolling velocity (0.05 - 10 m/s) and roll temperature (77 - 300 K) on the temperature rise in the strip 

during asymmetric cryorolling were found. The results of investigation can be useful for the development of 

the optimal treatment process of aluminum alloys by cryogenic severe plastic deformation to obtain the ultrafine 

grain structure and high strength properties. 

Keywords: Asymmetric cryorolling, aluminum alloy, finite element method, temperature field, severe plastic  

       deformation 

1. INTRODUCTION 

Conventional strengthening mechanisms applicable to aluminum alloys like solid solution strengthening, work 

hardening and precipitation hardening have their own limitations [1]. A possible way to further increase strength 

of aluminum alloys is to form an ultrafine grain (UFG) structure using severe plastic deformation (SPD) 

methods [2]. Cryorolling and asymmetric rolling are techniques that have potential application for large-scale 

industrial production of UFG aluminum alloys [3]. Cryorolling is a simple rolling process in which the cryogenic 

temperature is maintained by liquid nitrogen [4]. Deformation at cryogenic temperature is one of the main 

mechanisms leading to improvement in both strength and ductility of UFG aluminum alloys as well as narrow 

grain size distribution, bimodal structure, gradient structure [5]. The great advantages of cryorolling are the 

high accumulation of dislocations and the suppression of dynamic recovery in the processed material [6]. 

Asymmetric rolling is a process in which the speeds of the top and bottom rolls are different [7-10]. It is well 

known that shear strain plays a critical role in the grain refinement [10]. The great advantage of asymmetric 

rolling is a creation of additional high shear strain in the processed material. Asymmetric cryorolling is a 

technique that combines the advantages of cryorolling and asymmetric rolling, and can result in greater grain 

refinement compared to the other techniques [11]. The asymmetric cryorolling technique has been used 

successfully to produce UFG aluminum alloys. Yu et al. [11] carried out experiments on the asymmetric 

cryorolling process for Al 1050 and Al 6061 alloys in a multifunction rolling mill with of 50 mm diameter work 

roll under dry friction condition. For Al 1050, when the rolls speed ratio was 1.4, the grain size was about 211 

nm [11]. The grain size of the processed material continuously decreases with increasing the applied shear 

strain. High shear strain through sheet thickness can be obtained by asymmetric cryorolling with the high 

thickness reduction per pass and high friction coefficient. However it leads to the problem with the heat 

generated in the roll gap. The temperature rise during the asymmetric cryorolling can be as large as to increase 

the sheet temperature above the cryogenic temperature. So the prediction of sheet temperature during 
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asymmetric cryorolling is very important. There are only some experimental investigations on the 

microstructural evolution and the corresponding mechanical properties of aluminum alloys processed by 

asymmetric cryorolling. However, no research on finite element simulation of asymmetric cryorolling has been 

found. The goal of this paper is the finite element simulation and analysis of the temperature rise during 

asymmetric cryorolling of Al 1100, Al 5083 and Al 6061-T6 alloys. The results of investigation can be useful 

for the development of the optimal treatment process of aluminum alloys by cryogenic SPD to obtain the UFG 

structure and high strength properties. 

2. RESEARCH METHOD 

A coupled deformation and heat transfer simulation of the asymmetric cryorolling was carried out using the 

commercial FEM code DEFORM 2D. The governing equation (1) for heat transfer is expressed as [12]: 

2 T
k T q C

t
ρ

∂
∇ + =

∂
ɺ               (1) 

where: 

ρ  - density (kg/m3) 

C  - specific heat capacity (J/(kg⋅K)) 

T  - temperature (K) 

k  - thermal conductivity (W/(m⋅K)) 

qɺ  - heat generation term 

Heat generation due to plastic deformation is given by equation (2) [12]: 

0.9
pw

q dVσε= ∫ ɺɺ               (2) 

where: 

σ  - flow stress (MPa) 

εɺ  - strain rate (s-1) 

The boundary condition for the roll-strip contact surface includes friction heating and heat exchange via 

temperature difference of two objects in accordance with equation (3) [12]: 

1 1
1 1

1 1 1
0.9

S S
S S

q f u dS H TdS= + ∆∫ ∫ɺ              (3) 

where: 

1Su  - sliding velocity (m/s) 

1Sf  - friction stress (MPa) 

H  - lubricant heat transfer coefficient (N/(K⋅s⋅mm)) 

T∆  - temperature difference between two objects (K) 

The boundary condition of the free surface includes convection heat and radiation heat from/to the environment 

in accordance with equation (4) [12]: 

( ) ( )
2 2

4 4

2 2 2c
S S

q h T T dS T T dSσξ∞ ∞= − + −∫ ∫ɺ           (4) 

where: 

ch  - convection heat transfer coefficient (N/(K⋅s⋅mm)) 

T∞  - environment temperature (K) 

σ  - Stefan-Boltzmann radiation constant (W⋅m-2⋅K-4) 

ξ  - emissivity of the surface 
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The geometry model and FE meshing of asymmetric cryorolling process are shown in Figure 1. The diameters 
of the rolls were 300 mm, and the rolls were considered as rigid. Bottom roll was faster in all calculation 
variants. A Coulomb friction model was used between rolls and strip. High-carbon chromium alloy steel AISI 
D2 from DEFORM 2D material library was chosen as a material for rolls. Rolls were meshed with  
≈ 10000 brick elements. Strip with initial thickness of 1.0 mm was used for all simulations. The number of initial 
brick elements was ≈ 2000 for the strip. Process simulation was performed at temperature of liquid nitrogen 
(77 K) with taking into account the increment of the metal’s temperature due to the conversion of mechanical 
work into heat through sliding on contact surfaces and plastic deformation. The initial temperature of the strip 
was 77 K. Al 1100, Al 5083 and Al 6061-T6 alloys were chosen as a hardened rigid-plastic materials for the 
strip. The stress-strain curves of the materials at the temperature range 77 - 300 K are shown in Figure 2. The 
stress-strain curves for 300 K were used from DEFORM 2D material library. The stress-strain curves for 77 K 
were approximated with using data from [13]. The thermal constants of materials used in FEM simulation are 
shown in Table 1. Figure 3 graphically shows the thermal conductivity and specific heat of aluminum alloys at 
temperature below 300 K [14]. 

 

Figure 1 Geometry model and FE meshing of asymmetric cryorolling process 

 
Figure 2 Stress-strain curves of aluminum alloys at 300 K (a) and 77 K (b) 

Table 1 Thermal constants of materials used in FEM simulations 

Parameter Material 

Al 1100, Al 5083, Al 6061-T6 AISI D2 

Thermal conductivity (W/(m⋅K)) See Figure 3a 50.7 at 77 - 300 K 

Emissivity 0.050 at 300 K 
0.023 at 77 K 

0.7 at 77 - 300 K 

Specific heat (J/(kg⋅K)) See Figure 3b 484 at 77 - 300 K 

Heat transfer coefficient between rolls and sheet (N/(K⋅s⋅mm)) 11 11 

Heat transfer coefficient between rolls/strip and air (N/(K⋅s⋅mm)) 0.02 0.02 

Environmental temperature (K) 300 300 
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Figure 3 Thermal conductivity (a) and specific heat (b) of aluminum alloys at temperature below 300 K 

In the simulations, the influences of thickness reduction ε (20 - 60 %), rolls speed ratio (0 - 60 %), friction 

coefficient f (0.1 - 0.4), rolling velocity (0.05 - 10 m/s) and roll temperature (77 - 300 K) on the temperature rise 

in the strip during asymmetric cryorolling were analysed. 

3. SIMULATION RESULTS AND DISCUSSION 

The temperature rise RT  was considered as the difference between final mean temperature of the strip at the 

exit plane of the deformation zone and the initial strip temperature 77 K in accordance with equation (5): 
6

1

/ 6 77R Pi

i

T T
=

 
= − 

 
∑               (5) 

where: 

PiT  - temperature (K) of point i  ( i  = 1 - 6, see Figure 4) 

 

Figure 4 Temperature field and selected points at exit plane of deformation zone (Al 1100, ε = 40 %, f = 0.4, 

rolls speed ratio 35 %, roll temperature 77 K, rolling velocity 0.1 m/s) 

For maintaining the cryogenic conditions the temperature of the strip during asymmetric cryorolling is required 
to be in the range from 77 K to 173 K (from -196 °C to -100 °C) [11]. So the temperature rise should not exceed 
96 K. Figures 5-7 show the influence of the rolls speed ratio on the temperature rise and the effective strain 

depending on different thickness reductions. In all cases: material is Al 1100, friction coefficient is 0.4, rolls 

speed ratio is 35 %, roll temperature is 300 K, rolling velocity is 0.1 m/s. During asymmetric cryorolling with 
thickness reduction ε = 60 % the increasing the rolls speed ratio up to 55 % leads to serious increasing of the 

effective strain from e ≈ 1.5 to e ≈ 4.1 (Figure 5). The non-linear effect of the influence of the rolls speed ratio 

was found. At first the effective strain is increased to the maximum value e ≈ 4.1 with increasing of the rolls 

speed ratio up to 55 %, but after that the effective strain is sharply decreased to e ≈ 2 (Figure 5). Changing of 

temperature rise has the opposite tendency. With increasing the rolls speed ratio up to 60 % the temperature 

rise is decreased from 335 K to 283 K. It can be explained by serious decreasing of friction stresses acted in 

the deformation zone during asymmetric cryorolling. However the large strain does not provide cryogenic 

rolling conditions. With decreasing the thickness reduction the temperature rise is also decreased from the 

range RT = 283 - 335 K at ε = 60 % to the range RT = 117 - 124 K at ε = 20 % (Figure 7). It can be explained 
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by decreasing of heat generation due to work of plastic deformation. Contact friction is one of the main factors 

that affect the shear strain during asymmetric cryorolling. High friction coefficient increases the opposite 

contact friction forces which operates in the deformation zone and it creates an additional shear strain.  
Figure 8 shows the influence of friction coefficient on temperature rise and effective strain when thickness 

reduction is 40 %, rolls speed ratio is 35 %, roll temperature is 300 K, rolling velocity is 0.1 m/s. With increasing 

the friction coefficient from 0.1 to 0.4 the temperature rise is also increased from 165 K to 201 K. It can be 
explained by additional friction heating. Figure 9 shows the influence of roll temperature and rolling velocity 

on temperature rise during asymmetric cryorolling when thickness reduction is 40 %, rolls speed ratio is 35 % 

and friction coefficient is 0.4. Decreasing of roll temperature from 300 K to 77 K is effective when rolling velocity 
is very low, e.g. 0.05 m/s. In this case temperature rise is decreased from 210 K to 55 K (Figure 9). Influence 

of rolls speed ratio on temperature rise depending on properties of aluminum alloys is shown in Figure 10. 

With increasing the strength of the aluminum alloy the temperature rise is also increased because of additional 

heat generation due to work of plastic deformation. 

  

Figure 5 Influence of rolls speed ratio on 

temperature rise RT  and effective strain (ε = 60 %) 

Figure 6 Influence of rolls speed ratio on 

temperature rise RT  and effective strain (ε = 40 %) 

  

Figure 7 Influence of rolls speed ratio on 

temperature rise RT  and effective strain (ε = 20 %) 

Figure 8 Influence of friction coefficient on 

temperature rise RT  and effective strain (ε = 40 %) 

  

Figure 9 Influence of roll temperature and rolling 

velocity on temperature rise 

Figure 10 Influence of rolls speed ratio on 

temperature rise for different aluminum alloys 
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4. CONCLUSION 

Asymmetric cryorolling with high thickness reduction per pass, high rolls speed ratio and high friction coefficient 
leads to serious increase of the effective strain up to mode of SPD when e ≥ 1.0. However it leads to 

temperature rise of the strip above the cryogenic temperature. Effective strain can be extremely high (e ≈ 4.1) 

during asymmetric cryorolling with thickness reduction ε = 60 % and the rolls speed ratio of 55 %. However 

the temperature rise exceeds 300 K in this case and the cryogenic conditions are not provided. Cryogenic 

conditions when the strip temperature is maintained in the range from 77 K to 173 K during asymmetric 
cryorolling of aluminum alloys with a large strain (e ≥ 1.0) can be obtained with decreasing of roll temperature 

from 300 K to 77 K and with decreasing of rolling velocity from 1.0 - 10.0 m/s to 0.05 - 0.1 m/s or lower. 

However the main disadvantage of the low rolling velocity is the low productivity of the asymmetric cryorolling 

process. Low strength aluminum alloys (e.g. Al 1100) can be processed with high thickness reductions per 

pass (up to 40 %). Medium and high strength aluminum alloys (e.g. Al 5083 and Al 6061-T6) should be 

processed with the decreased thickness reductions per pass (e.g. no more than 20 %). The results of 

investigation can be useful for the development of the optimal treatment process of aluminum alloys by 

cryogenic SPD to obtain the ultrafine grain structure and high strength properties.  
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Abstract 

In this study, we will examine the phenomenon of precipitation that appears in the aluminum alloy AGS wires. 

Since the studied wires are drawn, we will try to see also the effect of the deformation on this phenomenon. 

The precipitation was believed to be the main cause of hardening in the AGS 6101 wire rod. The hardening 

appears in this wire, after a period of storage, and causes the elevation of its hardness from 7% to 18% and 

its maximum tensile load from 4% to more than 22% depending on storage times. 

Microstructural analysis of wire rod and drawn wires shows the existence of precipitates in the microstructures. 

Optical microscopy reveals the presence of two precipitates of different sizes and colors: whitish and dark 

gray. Under the scanning electron microscope, two types of precipitates appear: light gray and gray, ranging 

from 3 to 12 µm. 

X-ray diffraction analysis did not reveal the presence of precipitates, observed by light microscopy and 

scanning electron microscopy. The EDS analysis allowed the measurement of the chemical composition of 

the light gray precipitates that were identified as the Mg2Si intermetallic compound. 

Note that the effect of deformation on precipitation in AGS 6101 alloy was not clearly found in this study. 

Because the wires used in this study were part of the same batch as the wire rod, in part. On the other part, 

the exploitation of background signal with XRD software does not seem very convincing. 

Keywords: Aluminum alloy, AGS 6101 alloy, precipitation, wire drawn, intermetallic compound 

1. INTRODUCTION 

The phenomenon of precipitation in Mg-Si aluminum alloys is known since the 1950s [1, 2]. Since then, a 

precipitation sequence has been established for this system and assigned to the pseudo-binary system Al- 

Mg2Si [3-6]. Although this sequence seems to depend solely on the ratio Mg / Si, however the overall 

precipitation reaction must take into account the presence of other elements in this alloy. There is a lot of works 

on the precipitation in this alloy after a heat treatment [7-15], but almost no work on precipitation at room 

temperature [16]. After a heat treatment, the precipitation leads to the formation of certain types of precipitates 

frequent and currently well-known like; Mg2Al3, the iron intermetallic precipitates such as, AlFeSi, AlxFeySiz 

[3,4,8,14-17], AL5FeSi [9], Al7Cu2Fe [18], others intermetallic precipitates: Al12Mn3Si, [16, 18] Al2Cu [18] and 

the famous Mg2Si [3-18]. 

In our case, the space of about five months, the microhardness measurements gave different values on the 

same wires. The values of the second measurement were significantly higher than that of the first 

measurement. This observation indicates the hardening of AGS 6101 alloy wires over time. So, to understand 

the cause of this hardening, we undertook this study. 
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2. STAYED MATERIAL 

The studied material, presented in previous studies [19], is the aluminum alloy type AGS 6101, whose wire 

rod is produced by continuous casting. Note that for constraints related to the supplier of the material, we limit 
our study to four threads: the wire rod and three deformed wires; as illustrated in Table 1. 

Table 1 The deformations (wires) studied 

Designed wire Wire rod Ô] ε2 Ô^ 

Deformation level (%) 0 21 69 86.8≅87 

3. NATUREL AGING 

For the study of natural aging, the wires are left in the open air at room temperature. In the region where this 

study is carried out, the temperatures vary according to the season, in winter the temperatures are between 

15 °C and 25 °C in a day and between 07 °C and 12 °C at night, in summer the temperature is in average 

between 40 °C and 55 °C. Measurements and characterizations were conducted according to the availability 

of means. 

4. EVOLUTION OF MECHANICAL PROPERTIES 

Figure 1 illustrates the evolution of microhardness as a function of time, as can clearly be seen in this figure, 

there is an increase in the microhardness of the all wires over time. In five months the hardness of the wire 

rod has increased by about 07% and in about four years it exceeds by 35% its first measured value. It is the 

same trend for drawn wires; over the entire period of this study (approximately four years) the hardness of the 

deformed wire at 87% increased by approximately 22%. 

 

Figure 1 Evolution of the microhardness as a function of time 

Tensile tests were also performed on these wires over time; Figure 2 illustrates the data relating to the 

maximum tensile load. Similarly, as for the microhardness, it is clear in this figure the increase in the maximum 

load as a function of time for all the wires. Over the entire duration of the study, the increase in the load reached 

about 20% of its initial measurement for the wire rod and about 15% for the wire deformed at 87%. 

These results reveal the hardening of the wire rod and the drawn wires of the AGS 6101 aluminum alloy. Due 

to a natural stress-free aging, the only phenomenon responsible for this hardening can only be attributed to 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

306 

the precipitation phenomenon known for these alloys. However, in spite of the differences which exist between 

the wire rod and the drawn wire, it can be said that the precipitation is more fluid in the wire rod than in the 

deformed wires. 

 
Figure 2 Evolution of the maximum tensile load as a function of time 

5. MICROSTRUCTURAL ANALYSIS 

5.1. Optical Microscopy (OM) 

Figure 3 illustrates the optical micrographs of the wire rod and the 87% deformed wire. These micrographs 

were taken at two different periods; they clearly reveal the presence of precipitates in both wires. With 

unpolarized ligth, we can better see the contrasts and morphology of the precipitates, but we cannot identify 

there types clearly; we can only differentiate them according to their shape and color. On the wire rod, we can 

see dark-colored and light-colored precipitates. The dark-colored precipitates have a globular morphology, 

they are few but bigger than the light-colored ones. The light-colored precipitates are two kinds, globular shape, 

very numerous, precipitate in matrix and linear shape precipitates at the grain boundary. On the deformed wire 
(Figure 3 (b)), we also see two precipitates; light gray and dark gray. We can see the elongated and aligned 

precipitates (deformed precipitate), granular precipitates (not deformed precipitate) and tubular precipitates or 

intermetallic compounds according to the literature. This result confirms the hypothesis of further precipitation 

in the deformed wire similarly to that of the wire rod. 

            

Figure 3 Optical micrographs: (a) wire rod, (b) wire drawn at 21%; observed at different time periods 

250 µm 250 µm 

(a) (b) 
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5.2. Scanning Electron Microscopy (SEM) 

For better observation and in order to identify the chemical composition of the classified precipitates, a 

microstructural analysis was carried out under a scanning electron microscope (Figure 4). Under the scanning 

electron microscope, the wire rod shows two types of precipitates appear: many of light gray precipitates and 

numerous of gray precipitates. On this wire, we have identified the famous precipitate Mg2Si whose chemical 

composition is recorded in the Table 2. For the wire deformed, as can be seen in Figure 4 (b), two types of 

precipitates can also be distinguished; light gray precipitates and black precipitates. the light gray precipitates 

have two different morphologies, those elongated and aligned in parallel with the drawing axis of the deformed 

wire and those of granular shape less numerous and scattered in the matrix of the alloy. The black precipitates, 

hardly discernible, are also aligned along the drawing axis of the deformed wire. 

Table 2 Local analysis of the chemical composition of the Mg2Si precipitate carried out by EDX 

Element MgK SiK 

At (%) 64.86 35.14 

  

Figure 4 Scanning electron micrographs: (a) wire rod, (b) wire drawn at 87%;  

observed at same time 

6. X-RAY ANALYSIS 

X-ray diffraction analysis reveals only the diffraction peaks of the alpha phase (α-Al) of aluminum (α-Al) for all 

wires. But on the diagram of the strongly deformed wire (ε3 = 87%), already presented in a previous study [19], 

after 3 years appears a new peak, with a good intensity, at the angle 2 Theta = 29.83° on diffraction (200). 

This peak was attributed to the precipitate Al2Cu. The background analysis, by software XRD, makes it possible 

to extract some peaks masked by the background noise of the XRD technique. With this method, the famous 

precipitate Mg2Si (observed by SEM) has been revealed at diffractions (111), (220), (222) and (311)  

(Figures 5, 6). Another precipitate of AlMg4Si type appears on the diffraction (111) for the deformations (69% 

and 87%). An iron-intermetallic compound AlFe3Si0.7 was also extracted at 2 Theta = 82.79° on diffraction 

(422) in deformed wire (21%). These results indicate that the deformation may have an effect on the 

precipitation in the AGS 6101 alloy. However, they are to be taken as a precaution, because as it was said the 

extracted peaks were confused with the background signal. 

(b) (a) 
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Figure 5 XRD-Background Analysis Method 

 

Figure 6 Example of Result of XRD-Background Analysis Method 

7. CONCLUSION 

From the results obtained previously, we can conclude the following points: 

• The storage of AGS 6101 alloy wires under ambient conditions leads to their hardening. 

• The phenomenon responsible for the hardening of the wire rod and drawn wire is precipitation. 

• Precipitation is much more fluid over time in the wire rod than in the drawn wires. 

• This results indicate that precipitation continues in the AGS 6101 alloy after deformation and highlighted 
in a global way the effect of deformation on precipitation. 

• From all the observed precipitates only the Mg2Si precipitate was been accurately identified. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

309 

REFERENCES 

[1] LAMBOT, H. Etude cristallographique de la précipitation structurale dans les duralumins. Rev. Met. Paris.1950. vol. 

47, no. 10, pp. 709-726. 

[2] SAULNIER, A. Etude des alliages aluminium-magnésium. Rev. Met. Paris. 1956. vol. 53, no 4, pp. 285-297. 

[3] HAMDI, I. Phénomène de précipitation des phases dans l’alliage d’aluminium (série 6000). Doctoral Thesis. 

Alegria: University of Biskra, 2014. p. 119. 

[4] AOUABDIA, Y. Etude de la décomposition et de la précipitation dans des tôles des alliages Al-Mg-Si. Doctoral 
Thesis. Alegria: University of Constantine, 2011. p. 112.  

[5] DE GEUSER, F. Interprétation et traitement des données de sonde atomique tomographique: application à la 
precipitation dans les Al-Mg-Si. Doctoral Thesis. France: University of Rouen, 2006. p. 135. 

[6] MILKEREIT, B., WANDERKA, N., SCHICK, C. and KESSLER, O. Continuous cooling precipitation diagrams of 
Al-Mg-Si alloys. Materials Science and Engineering A. 2012. vol. 550, pp. 87-96. 

[7] BIROL, Y. Effect of cooling rate on precipitation during homogenization cooling in an excess silicon AlMgSi alloy. 
Materials Characterization. 2012. vol. 73, pp. 37-42. 

[8] AIZA, J., AZMI, R., ZUHAILAWATI, H. and ISMAIL, Z. Effect of Mg, Si and Cu content on the microstructure of 
dilute 6000 series aluminium alloys. Journal of Alloys and Compounds. 2011. vol. 509, pp. 8632- 8640. 

[9] ADAMCZYK-CIESLAK, B., MIZERA, J. and KURZYDLOWSKI, K. J. Microstructures in the 6060 aluminium alloy 
after various severe plastic deformation treatments. Materials Characterization. 2011. vol. 73, pp. 327-332. 

[10] WANDERKA, N.,LAZAREV, N., CHANG, C.S.T. and BANHART, J. Analysis of clustering in Al-Mg-Si alloy by 
density spectrum analysis of atom probe data. Ultramicroscopy. 2011. vol. 111, pp. 701-705. 

[11] BANHART, J., LIU, M., YONG, Y., LIANG, Z., CHANG, C.S.T., ELSAYED, M. and LAY, M.D.H. Study of ageing in 
Al-Mg-Si alloys by positron annihilation spectroscopy. Physica B. 2012. vol. 407, pp. 2689-2696. 

[12] TEICHMANN, K., D. MARIOARA, C., J. ANDERSEN, J. and MARTHINSEN, K. TEM study of β′ precipitate 
interaction mechanisms with dislocations and β′ interfaces with the aluminium matrix in Al-Mg-Si alloys. Materials 

Characterization. 2013. vol. 75, pp. 1-7. 

[13] ABID, T., BOUBERTAKH, A. and HAMAMDA, S. Effect of pre-aging and maturing on the precipitation hardening 
of an Al-Mg-Si alloy. Journal of Alloys and Compounds. 2010. vol. 490, pp. 166-169. 

[14] ABID, T. Etude Calorimétrique et Dilatométrique d’un alliage Al-Mg-Si. Magister Thesis.Alegria : University of 

Constantine, 2007. p. 91. 

[15] HENGCHENG, L., YUNA,W. and KE, D. Hardening response and precipitation behavior of Al-7%Si-0.3%Mg alloy 
in a pre-aging process. Materials Science & Engineering A. 2013. vol. 560, pp. 811-816. 

[16] SHEN,Y., GARNIER, J., ALLAIS, L., CRÉPIN, J., CALDEMAISON, D., HERIPRE, E., HIVER, J.M.and FORGET, 
P. Etude de l’anisotropie d’endommagement de l’alliage d’aluminium 6061-T6. Fédération française des 
matériaux. Submitted on 17 Mar2011.<hal-00572454>. p. 12. Available from https://hal-mines-paristech.archives-

ouvertes.fr/hal-00572454. 

[17] HONG-YING, L., CUI-TING, Z., MAO-SHENG, H., JIAO-JIAO, L. AND XIAO-CHAO, L. 
Time−temperature−property curves for quench sensitivity of 6063 aluminum alloy. Transaction of. Nonferrous 
Metals. Society of China. 2013. vol. 23, pp. 38−45. 

[18] BARLAS, B. Etude du comportement et de l’endommagement en fatigue d’alliages d’aluminium de fonderie. 
Doctoral Thesis. France: National School of Mines of Paris, 2004. p. 231. 

[19] MESSAOUDI, S., ZIDANI, M., CHENAFI, M., MEGHAZI, A., MATHON, M. H. and BAUDIN, T. Monitoring the 
Evolution of the Properties of Aluminium AGS Alloy Wire during Drawing. In METAL2016:25th International 

Conference on Metallurgy and Materials. Ostrava: TANGER, 2016, pp. 327-332. 

 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

310 

MULTI-SCALE ANALYSIS BY EBSD, X-RAY DIFFRACTION AND NEUTRON DIFFRACTION 
OF MICROSTRUCTURE AND TEXTURE OF Al-Mg-Si ALUMINUM ALLOY WIRES DRAWN 

AND ANNEALED 

Mosbah ZIDANI 1, Lakhdar BESSAIS 1, Salim MESSAOUDI 1, Hichem FARH 2, Fayçal BAIRA 3, 
Marie-Hélène MATHON 4, Anne-Laure HELBERT 5, François BRISSET 5, Thierry BAUDIN 5 

1Mohamed Khider Biskra University, Laboratory of Energetic Engineering and Materials, Faculty of Science 

and Technology, Biskra, Algeria, zidani.sabih@gmail.com 

2Active Components and Materials Laboratory, Oum el Bouaghi University, Algeria 

3Department S/C Science and Technology, Faculty of Technology, University of Batna 2, Algeria 

4Léon Brillouin Laboratory, CEA (DSM-DRECAM) CNRS CEA Saclay, Gif sur Yvette, France, EU 

5ICMMO, SP2M, Univ. Paris-Sud, University Paris-Saclay, UMR CNRS 8182, Orsay Cedex, France, EU 

Abstract 

The ENICAB company in Biskra uses the cold drawing process on several types of wires rod of different 

materials and grades. Our study was carried out on an Al-Mg-Si (AA6101) aluminum alloy wire rod, the most 

used by the ENICAB company in the manufacture of electrical energy transmission cables. The purpose of 

this work is to understand the evolution of the deformation texture and the stored energy in the grains during 

cold drawing of wire, as well as the combined influence of deformation and annealing at 400 °C during different 

holding time on recrystallization kinetics and evolution of local and global crystallographic texture. 

Characterization methods used in this work is: Optical Microscopy (OM), Scanning Electron Microscopy (SEM), 

Back Scatter Electron Diffraction (EBSD), X-ray diffraction, Neutron diffraction, Vickers microhardness and 

Chemical analysis by EDS. 

Keywords: Texture, annealing recrystallization, wire drawing deformation, AlMgSi alloy  

1. INTRODUCTION 

The cold drawing is a very common technique used for producing electrical wires of different diameters. During 

this process, the shaping of the material is achieved by the mechanism of a plastic deformation.  

Cold plastic deformation is mainly by plastic shear or slip where one plane of atoms slides on the adjacent 

plane by defect motion (dislocations). Indeed, the cold plastic deformation causes an important increase of the 

dislocation density of dislocation (i.e. stored elastic energy) in the material. This type of deformation leads to 

a change of the mechanical properties and microstructural. When the deformations are important, they product 

a preferential crystallographic orientation of the grains in the material. To restore the wire mechanical and 

electrical properties, it is necessary to perform an annealing. Recrystallization annealing results in the 

transformation of the fibrous microstructure to an equiaxe microstructure, this explains the decrease in total 

number of crystal defects in the material. The present study was conducted on an Al-Mg-Si aluminum wire rod 

which is the most used by ENICAB company [1]. 

2. RESULTS 

2.1. Evolution of the microstructure and deformation texture 

In our case, the fiber <111> // DN was majority and the fiber <100>//DN was minority throughout the peripheral 

zone of more deformed wire (Total fraction: 52.4 % <111> and 18 % <100> with a dispersion of 15°)  
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(Figure 1). Hargue et al. [2] observed in a drawn aluminum wire a mixture of texture <001> (minority) and 

<111> (majority) at the center of the wire, whatever the reduction level. For against in the peripheral area, for 

section reductions of 50.5 % and 71.8 %, the texture varies between the two components <111> and <112> 

and for highest reduction levels (> 93.0 %) there is a full fiber development of <111> [3]. 

Figure 1 EBSD map for the wire drawn to 86.8 % measured in the periphery zone 

2.2. Volume fraction 

The evolution of the volume fraction of <111> and <100> is presented on Figure 2. We notice the decrease 

of the fractions of the two fibers <111> and <100> and the increase of the fraction of the random fibers when 

the deformation level increases. Xiao-guang Mo et al. [4] have found in their study on cold-drawn aluminum 

wire that the texture components (fiber textures) gradually changes to <111> and <100>, and its volume 

fraction decreases with the increasing of the deformation level. This is due to the fact that <100> and <111> 

parallel to the drawing direction are stable orientations in metals and alloys (c.f.c) [4]. 

 

Figure 2 Variation of the volume fraction of deformation texture components as a function of the  

deformation level 

 EBSD map 
Volume fraction and inverse pole 

figure 

Wire drawn to 86.8 % 
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3. DISTRIBUTION OF THE GOS PARAMETER  

The distributions of the GOS (Grain Orientation Spread) calculated by OIMTM are also shown in Figure 3. 

The grains which have a GOS value less than 1° are often considered to be recrystallized [5,6]. We notice the 

GOS value was found to be greater than 1° for the the differents deformation levels, hence none is 

recrystallized.  

 
Figure 3 Distribution of the GOS parameter of the aluminum wire at different deformation levels 

4.  STORED ENERGY MEASUREMENTS BY NEUTRON DIFFRACTION AS A FUNCTION OF 
ORIENTATION 

Figure 4 shows the evolution of the average values of the stored energy (E). For the deformations up to 69 

%, that is the fiber <100> which stores the most energy, but beyond 86 %, it is the fiber <111> which takes 

over. The reduction of the section of the wire leads an increase in the energy stored in the <111> grains. 

 
Figure 4 Evolution of the stored energy in deformed grains 

5. EVOLUTION OF THE RECRYSTALLIZATION ANNEALING MICROSTRUCTURE AND TEXTURE 

Figure 5 shows the microstructure of the wire drawn to 69 % after 400 °C annealing for 10 minutes, 

characterized by EBSD at the periphery and the center. For the strongly deformed wire, the EBSD maps of 
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the center and periphery show two microstructures of recrystallized grains of similar size between 7.20 µm 

and 10.8 µm. 

For the deformation level at 69 %, the map illustrates two distinct microstructures; the recrystallization appears 

more advanced than the periphery heart. Similarly, the grain size measurements show a difference between 

the periphery and the center. The average grain sizes are 6.30 - 11.30 μm for the periphery zone and 14.8 - 

19 μm for the center, respectively. 

According to Jin et al. [5], the strain hardening can reduce the inhomogeneity of the deformation along the 

radial direction of the wires [5], which leads to the disappearance of the subdivision difference of the grain 

along the radial direction wires with the deformation ε> 0.58 [4]. 

CENTER PERIPHERY Grain size (diameter) 

   

Figure 5 Microstructures characterized by EBSD at the periphery and at the center of wire drawn to 69 % 

and annealed at 400 °C for 10 min  

6. EVOLUTION OF THE VOLUME FRACTIONS 

Figure 6 shows the variation of recrystallized volume fraction of the fibers according to the deformation levels. 

As it can be seen, the evolution of the volume fraction adopts variable and incoherent behaviors, the fraction 

of the fiber <100> increases between the deformation levels 21 % and 69 % and then falls between 69 % and 

86 % at the wire center. At the periphery, the opposite occurs. This attitude, for all fibers (<111>, <100> and 

random fibers), cannot allow a coherent and complete interpretation of the obtained results [7,8]. 

         
Figure 6 Evolution of the volume fractions of the wires annealed at 400 °C for 10 min. 

7. RECRYSTALLIZATION KINETICS AT 400 °C 

The grain Orientation Spread (GOS) represents the average of the disorientations of each pixel of the same 

grain compared to the average orientation of this grain. A low GOS value means that we are dealing with a 
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grain with low internal disorientation, which corresponds exactly to the definition of a recrystallized grain. On 
the contrary, a grain with a restored area will have a higher GOS [9]. In Figure 7, it is clearly observed that a 

recrystallized grain having low internal disorientations corresponds to a low value of GOS. These recrystallized 

grains are located at the grain boundaries of the deformed structure [9,10]. 

 
Figure 7 Distribution of the GOS parameter of the aluminum wire deformed at a 86.8 % at different 

deformation levels annealed at 400 °C (10 minutes and 30 minutes). 

8.  CONCLUSION 

The aim of this thesis was to understand the texture of deformation and recrystallization of AGS-6101 

aluminum alloy wires, industrially drawn to the ENICAB company of Biskra-Algeria. In this work, we also tried 

to understand the combined influence of the deformation level and the annealing temperature at 400 °C on the 

recrystallization kinetics. The results obtained previously allow us to conclude the following points: 

• The microstructure of the initial state of the alloy 6101 (the wire rod) is not isotropic, it already contains 

a texture composed of two main fibers <111> and <100> 

• The wire drawing does not modify the main texture of the wire rod, it only modifies the volume fraction 
of the fibers present by lowering the quantity of the majority fibers according to the level of deformation 

applied. 

• Deformation induced in grains increases the quantity of energy stored in the grains with the level of 

deformation. 

• Heat treatment at 400 °C causes a heterogeneous recrystallization according to the section of the wire. 

• Recrystallization, too, does not modify the initial texture but influences the volume fractions of its 

components and their distribution in the radial section of the wires. 

• Recrystallization modifies the mesh parameter of crystallites formed. 
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Abstract 

Aluminum plating technology is used worldwide, not only in the automotive industry but also in household 

items. The essence of the technology is that a layer with a certain property is plated with another layer with 

different properties. The understanding of the bond development is highly important, because these sheets 

have high added value. In this study the tear-off of three layer-plated aluminum sheets are investigated. The 

alloys applied in specific layers were as follows: AlMnMg025Si08 (core alloy) and AlSi12 (liner). The bonding 

was performed on a Von Roll experimental roll stand mill using hot rolling. The experimental temperature was 

300 °C, respectively. Furthermore, this study covers the analysis of tear-off of bond of 3-layered aluminum 

sheets, for dynamically hardening liner layer and less dynamically hardening core sheets. In the simulation the 

core material was an AlMnMg025Si08 alloy, the liner was AlSi12. The material properties for the calculations 

come from material databases. Analyses were backed by means of finite element method as well as 

experimental way. The applied softwares were Simufact forming 14 included Simufact Material database and 

MSC Marc. The tear-off of bond was tested in one pass with various reductions, which were 1.33, 1.99, 2.66, 

3.32, 6.64, 9.97, 13.29, 16.61, 19.93, 23.26 and 26.58 %, respectively, the deformation temperature was  

300 °C. From the calculations we get six differential zones where the layers prolongation is different. It has a 

different effect on tear-off of bonded layers. If all passes are kept in the optimal reduction zones to avoid the 

tear-off of bonded layers. 

Keywords: Adhesives, rolling, plasticity, computer simulation, brazing, roll bonding, aluminium 

1. INTRODUCTION 

The main issue in the fabrication of multi-layer Al plates used in the automotive and aircraft industry is the 

matter of plateability, the classification of bond development between layers. The purpose of plating is to roll 

aluminum alloys of various properties and thicknesses together so that a bond is formed between the specific 

layers and by rolling further, the desired layer thickness is obtained at the final thickness. Many international 

researchers have been dealing with this issue among whom roll bonding was the most widespread researched. 

In such a case 2 layers are rolled together in a way that the contact line of layers be located in the centre 

between the two rolls.  

In contrast to this technology, the effect of layer thicknesses cannot be neglected in the rolling of 3-layered 

plate. The process taking place depends largely from the geometrical conditions. 

The professional literature has covered several times the bond development of the so-called sandwich sheets 

with such a geometry, so did we earlier.  

In some previous studies it was determined clearly that rolling by plating is a welding procedure where weld 

occurs due to surface pressure. It was also determined that bond strength is proportional to the volume of 

deformation for symmetrical and identical layer thicknesses. [1-6] Bond development occurs if deformation 
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reaches a critical value and if not, the bond development cannot be ensured. [1-3, 6] However, if deformation 

has reached the critical value, by its increasing bond strength rises until the yield strength of the softer material. 

[1-2, 6-7] Of course, this threshold can be determined but this differs from material pair to material pair. [1-2, 

4] Furthermore, bond strength and bond formation depend not only from these, but they do also a great deal 

from surface preparation and temperature. [1-2, 4-5, 8] We investigated bond formation in an earlier study of 

ours. We determined that on reaching a limit value, the bond strengthens but after attaining another value the 

bond is expected to tear off. [9] We determined in our further experiments that bond between layers is 

proportional to the volume of reduction applied in a pass that is the higher the reduction the larger the surface 

over which layers adhere to each other but the layers leaving the roll gap or near the exit part tear off 

immediately due to different elongation conditions as a result of tangential stress [10]. Considering these 

determinations we started to investigate processes around tear-off. 

2. EXPERIMENTS 

2.1. Equipment 

The physical tests were carried out on a Von Roll roll mill located at the Institute of Physical Metallurgy, 

Metalforming and Nanotechnology at the University of Miskolc. The roll arrangement is in duo modus, whereas 

the duo mill can also run in reverse mode. The applied work roll diameter: 220 mm, whereas the roll body 

length: 220 mm. The surface roughness of rolls: Ra = 0.3 mm. The maximum achievable rolling force is: 1 MN, 

the maximum rolling torque is: 1 kNm, whereas roll speed can vary between 0 - 10 m min-1. 

2.2. Materials and the samples 

The materials used for the experiments were the following. The core material was an AlMnMg025Si08 alloy, 

the liner was AlSi12. The tests were performed at 300 °C. The experimental packages had a width of 100 mm 
and a length of 200 mm. Figure 1 shows the layer thickness. The duration of preheating was 120 min. 

 

Figure 1 The layer thickness of package prepared for rolling 

Table 1 lists the chemical composition of applied materials while the Yield strength of specific materials at  

300 °C are shown in Figure 2. 

Table 1 The chemical composition of the AlSi12 and AlMnMg025Si08 alloys (wg. %) 

Alloy Si Fe Mn Zn Mg Cu Al 

AlSi12 12.0 0.6 0.3 0.2 0.1 0.05 rest 

AlMnMg025Si08 0.8 0.3 0.6 0.1 0.25 0.05 rest 
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 a. b. 

Figure 2 Yield strength at 300 °C 

2.3. Procedure 

During our experimental work, we created bond between layers of the experimental packages via „cementing“ 

passes. We rolled further the bond developed so in a warm state according to various pass plans. In specific 

cases, it was possible to roll without bonds tearing off, while in other cases layers tore off due to different 
elongations. Such a tear-off is shown in Figure 3. 

 

Figure 3 The bond already developed tears off already in the roll gap due to different elongation conditions 

(one-pass time sequence) 

2.4. FEM model 

It is important to define the pass plan as reductions to be applied in specific passes from the point of view of 

preventing bond tear-off as well as defects appearing at the final thickness, by means of which the sheets 

already having bond can be rolled further with bonds persisting at all times. 

Simulation tests were carried out using the software MSC Marc based on the following approach. The roll in 

the model is an analytical circle, whereas the bond between the sheets in contact is provided by „glued contact 

type“ elements. The tangential stress needed for the break-up of bond can be calculated according to Equation 

1: 

3

min,f

debonding

k
=τ

 (1) 
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2.5. Prediction 

As the thicknesses and deformation strengths of specific layers differ, because of different elongations 

expected in various reductions there is a reduction range where the elongation of layers is almost identical. In 

rolling in this range, the persistence of developed bond can be granted. 

3. RESULTS AND DISCUSSION 

We already proved in an experimental way earlier that the development of bond can be ensured with a 

reduction of 1 to 2% for a similar material pair [9, 10]. The 3-layered sheets produced this way were rolled in 

one pass at various reductions. 

  
 a. b. 

  
 c. d. 

  
 e. f. 

  
 g. h. 

Figure 4/1 Relative displacement and nodal deformations in all passes 
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 i. j. 

 

k. 

Figure 4/2 Relative displacement and nodal deformations in all passes 

Figure 4a reveals that the bond persists between the layers at all times and as a result the relative 

displacement of specific nodes is 0, too. 

It can be observed that the point-like break-up between layers commences with 1.99% reduction on the output 
side but this appears only at nodes once in a while, locally. (Figure 4b) 

By increasing the volume of deformation performed in the given pass it is well visible that the break-up between 

the layers commences in the roll gap and the layers detach technically over the entire contact surface. The 
relative displacement of the specific nodes as well. (Figure 4c) 

By increasing the volume of reduction within the pass by 0.66% it is visible that the bond keeps breaking up 
and the relative displacement of the elements is almost doubled. (Figure 4d) 

If the volume of reduction applied in one pass is increased further, it is visible that the bond also tears off and 

the relative displacement of the nodes of specific layers is higher than in the previous case. However, the start 

of tear-off shifts from the direction of input side towards the output side and the trend of relative displacement 
is turned as well. (Figure 4e) 

By increasing the reduction by 1.5, it is visible that although layers tear off from each other but this tear-off can 

be observed on the output side of the roll gap only. The relative displacement of the contacting nodes can be 
observed on the output side of the roll gap, it can hardly be calculated technically. (Figure 4f) 

If the volume of the reduction within one pass is further increased, it is well visible in Figures 4g to j that the 

bond technically persists between the specific layers at all times. It is also visible that the relative displacement 

of specific layers is almost 0. 

By increasing reduction, the specific layers tear off from each other again, the relative displacement between 
the nodes starts as is shown in Figure 4k 
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If one examines the average displacement of nodes and depict these in function of reduction (Figure 5), 6 well 

distinguishable zones can be marked. 

 

Figure 5 Average nodal relative displacement in function of reduction 

In Zone I the reduction applied in one pass does not reach 1 %. In this case the desired bond cannot be 

established between the layers. If the reduction reaches 1 % but not 2 %, it can be proved in an experimental 

way that the bond develops under the selected geometrical ratios. In Zone II, the difference of elongation of 

specific layers keeps getting bigger namely in favour of the liner. If the volume of the reduction applied in one 

pass is 2 to 7 %, the elongation of the liner is larger than that of the core and as one increases the volume of 

reduction in this zone, the difference of relative elongations shall be larger between the layers, accordingly. In 

Zone III, it is still the elongation of liner that is bigger but in the zone of reduction of 7 to 13 % the higher the 

reduction the less large the relative slide between the layers that is the elongation of the core sheet in this 

zone gets more and more closer to that of the liner. The zone of reduction of 13 to 23 % can be called the hot 

rolling zone of the 3-layered sandwich sheet as layers in this zone elongate together. In Zone IV, where 

reduction attains or even exceeds 23 %, the relative displacement appears again but the elongation of layers 

shall be reverse. It is the core sheet that shall elongate more, this way it advances in relation to the liner in this 

zone. 

4. CONCLUSIONS 

As the thicknesses and Yield strengths of specific layers are different, we expected that a reduction zone 

existed where the elongations of layers are almost identical. The persistence of the developed bond can be 

ensured by rolling performed in this zone. We determined that outside the bond development zone defined 

earlier there is a reduction zone, in which the elongations of specific layers are almost identical, thus, the layers 

of sandwich sheet already with a bond can move together. Furthermore, it was possible to determine 6 

reduction zones, in which the behaviour of layers can be well distinguished. These might serve as a proper 

basis for the design of various pass plans and technologies. 
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Abstract 

A method of determining the plastic properties of the material under the conditions of microforming at elevated 

temperatures was presented. This involves performing the process of upsetting a cylindrical micro sample 

between flat tools of different temperatures. As a result of the heat flow in the volume of the sample the non-

uniform temperature distribution is observed. It causes uneven distribution of deformations and a shape similar 

to the truncated cone is obtained. Based on the measurement of the sample side contour, FEM simulation of 

the process and the known temperature at several points of tooling it is possible to determine the dependence 

of the plastic resistance on the temperature within the given range. Dependence is derived from one 

experiment. This method is recommended for studies where the number of samples for analysis is limited. The 

method allows to quickly determine the temperature characteristics of a material. A sample analysis of selected 

bulk metallic glass was presented. 

Keywords: Microforming, micro-upsetting, elevated temperature 

1. INTRODUCTION 

Along with the progressive miniaturization of electro-mechanical systems and opto-electro-mechanical 

systems, the need for precision-made metal elements with dimensions of less than 1 mm has been increasing 

for a longer time. Such elements can be successfully produced with the technology of metal forming [1], within 

which a new branch was created: microforming [2]. It was created when it was noticed that reducing the 

dimensions of deformed elements to approx. 1 mm, causes the incompatibility of previously used rules [3] 

(calculation of forming forces, friction forces, etc.) with reality [4]. Thus, the limit value was 1 mm, in relation to 

at least two dimensions of the object. The cause of observed discrepancies [5] was called the "size or scale 

effect" and the intensive (ongoing to date) work on explaining various aspects [6] of this phenomenon was 

started. The small dimensions of the components resulted in the construction of micro-tools [7] and tool 

systems [8] dedicated to microforming. Also some processes found a new solutions [9] possible to be carried 

out only in micro-scale [10]. The contact phenomena have also gained new aspects [11] dedicated to micro-

parts and micro-tools [12]. The rapidly growing market of micro-mechanisms has also caused a rapidly growing 

number of new metallic materials [13] or compound billets [14] being developed with different composition, 

form [15] and structure [16]. To determine their plastic properties, the upsetting test for a whole range of 

conditions and requiring a large number of samples is relatively often used.  

There appeared a need for quick methods of determining plastic features in the conditions of microforming, 

giving as much information as possible within a small number of experiments. The method presented below 

meets the above conditions. 

2. THE CONCEPT OF THE MICRO-UPSETTING IN UNEVEN TEMPERATURE DISTRIBUTION 
METHOD 

The method named „MUNUT“ consists in upsetting a cylindrical sample between flat anvils with different 

temperatures. The lower anvil has a temperature higher than the upper. This results in a "layered" temperature 

distribution. In relation to the dependence of the yield stress on temperature, each layer will have a different 
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yield point. After application of force - the same for each of the layers - the layers will deform plastically but to 

a different degree. Each of the layers is a circle with a different radius. As a consequence, a sample assumes 
the shape of a rotary body, see Figure 1. With the known temperature distribution, the method assumes the 

possibility of obtaining the dependence of the plasticizing stress on the temperature in the applied temperature 

interval. 

 

Figure 1 FEM modelling - von Mises stress: example of shapes obtained at different temperatures for the 

same material, same sample dimensions and same strain in the axial direction 

2.1. Determining the distribution of stresses and strains 

In each layer there is a complex state of stress and strain, but axially symmetrical. The method involves two 

experiments: one real "R" and one numeric "M". After applying the interpretation of the theory of mechanical 

similarity, we conclude on the basis of the results of the experiment with the object "M" on the physical 

quantities related to the object "R" - the material used in the "real" experiment.  

Assuming cylindrical coordinates where h - distance from the base (mm), r - distance from the axis (mm), 

φ - angle (rad). Tension von Mises at the point in the object "R" is as follow.  

Õ�,Ö�ℎ, L, ×�                                      (1) 

where: ℎ ∈ �0, ℎØ,Ö� ,  r ∈ (0, rb,R,max(h)  and  × ∈ �0, 2π�. 

In the case of axial symmetry, the average equivalent stress ÕÚ�,Ö�ℎ� and the average axial stress ÕÚ�,Ö�ℎ� in 

the layer with the position h are (2) and (3), where rb,R(h) is the outer radius of the layer with the location h.  

ÕÚ�,Ö�ℎ� � D
Û∙IÜ���� ∙ ∬ σß,Ö�ℎ, L, ×�dLd×IÜ,á���,&Û

f,f                                                                                     (2) 

ÕÚD,Ö�ℎ� � D
Û∙IÜ���� ∙ ∬ σD,Ö�ℎ, L, ×�drdφIÜ,á���,&Û

f,f                                                                                      (3) 

The stress proportionality coefficient ÕÚ�,W�ℎ� and ÕÚ�,W�ℎ� in point (4) and its mean value in the layer defined 

as the quotient of the mean values of the functions in the layer (5) are introduced.  

�Ö�ℎ, L, ×� � äå,á��,I,æ� 
äç,á��,I,æ�                                                                                                                                    (4)    

�̅W�ℎ� � äéå,á��,I,æ�
äéç,á��,I,æ� �

ç
ê∙KÜ��Ð�∙∬ ëì,á��,I,æ�íIíæKÜá�Ð�,�ê

Ò,Ò  
ç

ê∙KÜ��Ð�∙∬ ëç,á��,I,æ�íIíæKÜá�Ð�,�ê
Ò,Ò

                                                                                     (5) 

The analogous explanation applies to equivalent strains εH,R and strain component ε1,R and the introduction of 

the proportionality coefficient îÖ�ℎ, L, ×� and its average value îéÖ�ℎ, L, ×� in the position h, (6). 

îéÖ�ℎ� �
ç

ê∙KÜ,á� �Ð�∙∬ ïå,á��,I,æ�íIíæKÜ,á�Ð�,�ê
Ò,Ò  

ç
ê∙KÜ,á� �Ð�∙∬ ïç,á��,I,æ�íIíæKÜ,á�Ð�,�ê

Ò,Ò
                                                                                                (6) 
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The functions �̅Ö�ℎ� and îéÖ�ℎ� allow to determine the average value of the equivalent stress ÕÚ�,Ö�ℎ� and the 

average value of the equivalent strain É�̅,Ö�ℎ� in the layer with the position h, according to (7) and (8): 

ÕÚ�,Ö�ℎ� � �̅Ö�ℎ� ∙  ÕÚD,Ö�ℎ�           (7) 

É�̅,Ö�ℎ� � îéÖ�ℎ� ∙  ÉD̅,Ö�ℎ�           (8) 

Similarly, in the case of simulation results, in which the object "M" is created, (9), (10). 

�̅ð�ℎ� �
ç

ê∙KÜ,ñ� �Ð�∙∬ ëì,ñ�ò,ó,ô�íóíôKÜ,ñ�Ð�,�ê
Ò,Ò  

ç
ê∙KÜ,ñ� �Ð�∙∬ ëç,ñ�ò,ó,ô�íóíôKÜ,ñ�Ð�,�ê

Ò,Ò
         (9)  

      

îéW�ℎ� �
ç

ê∙KÜ,á� �Ð�∙∬ ïì,á�ò,ó,ô�íóíôKÜ,á�Ð�,�ê
Ò,Ò  

ç
ê∙KÜ,á� �Ð�∙∬ ïç,á�ò,ó,ô�íóíôKÜ,á�Ð�,�ê

Ò,Ò
         (10) 

Then it is also possible to determine the average equivalent stresses and average equivalent strains based on 

the average axial components (11) and (12)  

ÕÚ�,ð�ℎ� � �̅ð�ℎ� ∙  ÕÚD,ð�ℎ�           (11) 

É�̅,ð�ℎ� � îéð�ℎ� ∙  ÉD̅,ð�ℎ�           (12) 

where:  ℎ ∈ �0, ℎõ,ð�   and   r ∈ (0, rb, M, max�h)  and    × ∈ �0, 2π�      

Comment on the theory of similarity: The term "similar" refers to the theory of similarity formulated by 

Buckingham and that the inference based on the study of the model of reality can be referenced to it only when 

the "similarity conditions" are met by the numbers of similarities defining the relations between the physical 

quantities of the model and reality  

ARGUMENT: If the processes "R" and "M" are similar to the above worded similarity, then: 

(a) the stress tensor ratios are the same, 

(b) ratios of constituent strain tensors are the same, 

(c) the proportionality of stress tensors may be different than strain tensors.  

Comment on the thesis: In this analysed case, it was assumed that the similarity numbers are (13) and (14), 

which means that the outlines of both objects are consistent. 

ℎõ,Ö � ℎõ,ð             (13)  

rb,R(h) = rb,M(h)             (14) 

Consequently, the functions s(h) (5), (9) and w(h) (6), (10) in the case of reality and model are identical from 

which results (15) and (16). 

ÕÚ�,Ö�ℎ� � �̅ð�ℎ� ∙  ÕÚD,Ö�ℎ�           (15)  

É�̅,Ö�ℎ� � îéð�ℎ� ∙  ÉD̅,Ö�ℎ�           (16) 

This means that while meeting the similarity conditions, determining the functions �̅ð�ℎ� and îéð�ℎ� and on 

the basis of experiment, functions ÕÚD,Ö�ℎ� and ÉD̅,Ö�ℎ� are determined based on simulation results you can 
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designate (15) and (16) functions ÕÚ�,Ö�ℎ� and É�̅,Ö�ℎ�. The determination of the a fore mentioned functions 

boils down to an approximation of a set of values obtained on the basis of the mean values in the layer i in the 

"R" process (17), (18) and local values on circles k in the layer j in the "M" processes. The average values of 

stresses and strains in the "R" process and deformations are in accordance with (17), (18) and They are 
determined on the basis of measured force and profile measurements, see Figure 2. 

σéø,�,Ö�ℎ�� � �á
ù�

� �á
Û∙IÜ,á,��             (17)  

ÉD̅,�,Ö�ℎ�� � 2 úÇ IÜ,á,�
IÜ,á,Ò

 ú            (18) 

where: FR - the force of the process in the final phase of it (N),  r0,R,i - initial radius (mm), rb,R,i - the extreme 

radius (mm) in the layer j, i={0,1, …, n}   and  (j, k) =({0,1,2, … , m, }, {0,1,2, … , u}). 

 

Figure 2 MUNUT method: a) principle, b) side view of specimen with outline “1”, c) FEM result of deformed 

specimen with outline “1” and temperature distribution, d) specimen before deformation, e) specimen after 

deformation 

The functions �̅ð�ℎ�, îéð�ℎ� and �̅ð,û�ℎû� are determined on the basis of the approximation of the values 

determined in the "M" model in the examined points (19): 

�̅ð,û�ℎû� �
ç

êKü,ý� ∑ þå,ñ,ü,��ç�þå,ñ,ü,�
�

ý��Ò ∙&Û∙³Kü,��ç�Kü,�´
� ∙�Iü,��ç�Iü,��

ç
êKü,ý� ∑ þç,ñ,ü,��ç�þç,ñ,ü,�

�
���Ò ∙&Û∙³Kü,��ç�Kü,�´

� ∙�Iü,��ç�Iü,��
       (19) 

The force of the process is constant (20):  

⋀ �ûû � �ð � ∑ ëç,ñ,�,��ç	ëç,ñ,�,�
&


J�f ∙ 2� ∙ CIü,��ç	Iû,�G
& ∙ �Lû,J	D � Lû,J�      (20) 

�̅�,û�ℎû� �  D
&I �∙�ñ

∙ ∑ �σ�,ð,û,J	D + σß,ð,,�� ∙ �Lû,J	D& � Lû,J& �
J�f       (21) 

îé�,û�ℎû� �
ç

êKü,ý� ∑ ��,ñ,ü,��ç���,ñ,ü,�
�

ý��Ò ∙&Û∙³Kü,��ç�Kü,�´
� ∙�Iü,��ç�Iü,��

ç
êKü,ý� ∑ �ç,ñ,ü,��ç��ç,ñ,ü,�

�
ý��Ò ∙&Û∙³Kü,��ç�Kü,�´

� ∙�Iü,��ç�Iü,��
� ∑ ïå,ñ,ü,��ç	ï�,ñ,ü,�

ïç,ñ,ü,��ç	ïç,ñ,ü,�

J�f     (22) 
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2.2. Determination of temperature distribution 

In view of the miniature size of the sample, the temperature distribution is determined indirectly. Temperature 

distribution is determined based on FEM modelling of the process, assuming (23). Information on boundary 

conditions and verification of modelling results is provided by the temperature measurement devices. It is 
understood that by combining (15) and (23), the dependence σH(T) (MPa) can be determined, which is the goal.  

TM(h) = TR(h)             (23) 

3. FEM MODELING 

An important element of the method is the FEM modelling leading to determine the temperature distribution in 

the volume of a deformed micro-sample. This distribution has a key impact on the final results of the study. 

It is determined on the basis of records of the course of temperatures collected from the surface of the matrix 

by a pyrometer, the interior of the fitting by a thermocouple and the surface of the stamp holder also by a 

thermocouple. The cooling water temperature is also taken into account. Modelling is carried out using the MS 

Marc-Mentat 2015 package in the "thermal / structural" analysis in a static model with a deformed material 

model taking into account the dependence of the yield stress on the deformation and temperature. The results 
for the analysed case are shown in Figure 3. 

 

Figure 3 Examples of temperature distributions obtained in FEM modelling: a) initial and boundary 

conditions of induction heating, b) medium phase of deformation, c) sample in the final state of deformation 

4. EXPERIMENT RESULTS 

The MUNUT process was applied to the cylindrical sample made of Bulk Metallic Glass based on copper, 
zirconium, titanium and silver. The sample diameter is 1.2 mm and the height is 1 mm - see Figure 2d. Sample 

was upsetted to the height of h1 = 0.68 mm - see Figure 2e. 

 

Figure 4 Test results: a) distribution of yield stress as a function of temperature, b) distributions of 

proportionality function, c) distribution of equivalent strain in a sample 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

328 

The sample was deformed at the ram rate of 0.1 mm / min, which means in the applied upset range the strain 

rate 1.6 - 2.2 e-3 s-1. As a result of the applied method, the distribution of yield stress was obtained from the 
temperature in the test range, i.e. from 300 to 511 °C. This distribution is shown in Figure 4a. This figure also 

shows the distributions of the stress and strain proportionality functions, Figure 4b and the distribution of the 

equivalent strain, Figure 4c. 

5. DISCUSSION AND CONCLUSIONS 

The yield stress of investigated BMG is clearly falling near the temperature of 430 °C, point 1 in Figure 4a. 

This drop decreases its intensity in the range of 450 - 470 °C, between points 2 and 3. Above 470 °C, point 3, 

it stabilizes. From the course it follows that the temperature of transition into a supercooled liquid state is in 

the range of 450 - 470 °C. More precisely, it can be determined by concentrating the number of points analyzed 

in an interesting range. The obtained result is consistent with the one awaited, because according to the 

literature of this type, metallic glasses have the temperature of transition just in this range. The proposed 

MUNUT method allows the determination of temperature-dependent plastic properties of the material under 

plastic microforming conditions on the basis of a single experiment. The following conclusions might be stated: 

• The accuracy of the MUNUT method depends on the accuracy of determining the temperature 

distribution in the upset sample, and on the number of cross-sections considered. 

• The obtained results may be influenced by friction occurring on the sample and tool contact surfaces, 

hence it is recommended to upset at the lowest possible friction. 

• A method has been piloted and successfully used to determine the liquid transition temperature range 
of bulc metallic glass in the microforming conditions. 

• The obtained glass transition temperature range of the tested material is in accordance with literature 

data. 

Further development of the method provides for CCD camera recording of the lateral view of the upset micro-

sample and analysis of a number of deformation states.  
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Abstract 

The expanding range of applications for parts made of light metals (magnesium, aluminium or titanium) could 

lead to a replacement of parts made of steel by the ones manufactured from light metal parts. 

However, magnesium and aluminium parts in particular reach their technical limits when exposed to high 

tribological, mechanical or thermal stress. For this reason, often the so called metal-matrix-composites (MMC), 

which possess the advantages of light metal (low weight and high ductility) as well as of the reinforcing phase 

(high hardness, high strength and good wear resistance), are used. 

This paper provides the initial findings of a fundamental investigation of the specific forming behaviour and the 

mechanical material properties for production of partially particle-reinforced powder metal parts. Cylindrical 

raw parts consisting of aluminium powder and a ceramic powder are produced by powder pressing and further 

compacted in a subsequent sintering process. The produced raw parts form the basis for an examination for 

a reduction of the existing residual porosities by subsequent upsetting and extrusion processes. The effects 

of the different process parameters (pressing force and forming temperature) on the material flow of the 

partially particle-reinforced material system and the structural strength of the formed parts are investigated. 

Numerical simulations are performed to analyse the density development during the above mentioned forming 

processes in order to determine the influence of porosity on the deformation behaviour of the considered 

material. The findings will help to evaluate the dependence of the residual porosity for sinter-forged parts on 

the prevailing forming mechanisms.  

Keywords: Powder metallurgy, aluminium, metal-matrix-composites, FEM 

1. INTRODUCTION 

The optimisation of manufacturing processes in order to increase the efficiency and quality of products plays 

an increasingly important role in the times of rising energy and material costs. Due to these constantly 

increasing expenditures in the global market, manufacturing companies are trying to take design measures or 

use alternative manufacturing processes such as powder metallurgy (PM). 

1.1. Powder Metallurgy  

The PM process is one of the most efficient methods for mass production of small structural components. Due 

to their properties, PM components are ideal for a wide range of different industrial applications. One of the 

biggest consumers of PM components is the automotive industry. Moreover, they are utilized in fields of 

aerospace, medical technology, household utensils as well as sports [1,2]. In contrary to conventional 

production processes, PM in particular offers various advantages in terms of energy saving as well as material 

utilization. Furthermore, it enables the use of a wide variety of composite and alloyed powder materials for 

component production [1]. By adding alloy elements, material properties, such as hardness or strength, as well 

as application can be adapted in the respective areas of utilization [3]. However, depending on the used 

process parameters during pressing and sintering, a residual porosity in the structure remains which can lead 
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to reduced mechanical properties as compared to components made of solid material. For this reason, special 

methods of re-densification are used in certain areas of application [4]. 

The most commonly used production process of powder parts is the conventional pressing and sintering [5]. 

Other methods are warm pressing, hot isostatic pressing, sinter forging or additive manufacturing [2]. 

These methods allow for various complex geometries and density values. Within this work, the compression 

process by sinter forging to reduce the porosity will be examined more closely. 

1.2. Sinter Forging 

A material density up to 92 % of the theoretical density of a solid material can be achieved in a conventional 

PM production process. This depends on the size of the component, the properties of the powder and the 

applied compacting pressure. The tensile strength of the sintered material is proportional to its relative density. 

A repeated pressing and sintering process can result in densities of up to 96 %. Further densification of the 

components can be accomplished by sinter forging at elevated temperatures. With sinter forging, density 

values up to 100 % are theoretically possible [1]. In general, two different process variants of sinter forging 

exist, namely sinter forging without material flow and sinter forging with a material flow. Sinter forging without 

material flow leads to a reduction of the pore height whereby the width remains unchanged. Whereas, the axial 

compressive stress in sinter forging with high material flow leads to a lateral flow of the material. This can 

cause a dissipation of large pores in to smaller pores. With increasing material flow, the dissipation process of 

the pores continues and results in a significant reduction of the material porosity. In this work, two sinter forging 

processes with material flow are considered. 

1.3. Modelling of Material Porosity 

PM produced components have a porous material structure which is defined by its relative density and 

depends on the process of shaping and subsequent heat treatment. Due to this, during plastic deformation 

porous materials behave differently than solid materials. For the evaluation of the flow behaviour of such 

materials, the Gurson-Tvergaard-Needleman model (GTN model) was established by Gurson and later on was 

further modified by Tvergaard and Needleman as provided in equation (1) [6,7]: 

Φ � � �Õ°
�&

+ 2�DM cosh�� 3
2
�&¸
PÕ°

� �  �1 + �)M&� (1) 

Here, the parameter p and q are the hydrostatic (i.e. mean stress) and deviatoric components (i.e. equivalent 

v. Mises stress) of the Cauchy stress tensor, respectively. q
1
, q

2
 and q

3
 are material-specific constants 

introduced by Tvergaard and are known as fitting parameters where q
3
= (q

1 
)2, σ

y represents the yield or flow 

stress of the matrix material (MPa) and f is the void volume fraction or the degree of porosity of the material 

based on the modifications of Tvergaard and Needleman. 

In the scope of this work, an insight into the production of partially particle reinforced powder metal parts is 

presented. The main goal is to investigate the influence of the reinforcement powder content on porosity and 

hence on the quality as well as strength of produced components. It is aimed to perform a numerical modelling 

of two different sinter forging processes (with material flow) in order to evaluate the porosity distribution in the 

produced components. The above mentioned GTN model is applied for this purpose. 

2. PRODUCTION AND FORGING OF THE SEMI-FINISHED WORKPIECES 

For the experimental investigation, Alumix 123 (aluminum powder with 4.8 % copper, 0.7 % silicium and 0.6 % 

magnesium) was used. The powder has a spherical grain shape. Titanium carbide (TiC) was used as ceramic 
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powder. An SEM analysis was performed to find out its size distribution. An asymmetric, spattered grain shape 

was observed with most particles smaller than 20 μm.  

For the powder compaction, a two-sided uniaxial pressing tool system was used. The tool system consists of 

an upper and a lower stamp (each Ø = 36 mm) as well as a die which is mechanically reinforced by a die 

carrier. The pressing of the powder compacts was carried out on a multi-axis hydraulic press (manufacturer: 

SMS Meer). The powder was filled into the die and compacted by the movement of the upper and lower stamp. 

Three different material mixtures were prepared comprising of Alumix 123 with 0 %, 5 % and 20 % TiC 

reinforcement respectively. For this investigation, different powder compacts were produced by application of 

400, 500 and 600 MPa pressure. Subsequently, the compacts were sintered for 20 minutes at a temperature 

of 590 °C under vacuum conditions. The heights, weights as well as densities of the semi-finished workpieces 
were measured to determine their relative density by Archimedes’ principle (see Figure 1). In order to observe 

the distribution of aluminium, TiC and pores in the semi-finished workpieces, metallographic investigation was 
performed. In Figure 1 micrographs of the sintered components with a pre-compression of 400 MPa are 

exemplarily shown. The metallographic images display the area in the middle of the components with different 

TiC-particle reinforcements. It can be seen that higher particle reinforcement results in an increased porosity 

in the component which leads to a reduction in the relative density. 

 

Figure 1 Micrographs of sintered components with a pre-compression of 600 MPa (left); relative density of 

powder compacts with different pre-compression pressures (right) 

The sintered cylindrical semi-finished workpieces were forged with a material flow by means of an upsetting 

and a forward extrusion process. For both of the forging processes, a modular tool system was manufactured 
as depicted in Figure 2. The experiments were performed on a screw press (Weingarten PSR 160) which has 

a nominal capacity of 2500 kN. The forming tests were carried out at temperatures of 25 °C, 300 °C and  

400 °C.  

 

Figure 2 Modular tool system for sinter forging: upsetting (left) and forward extrusion (right) 
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3. CHARACTERISATION OF THE SEMI-FINISHED (SINTERED) WORKPIECES 

Tensile tests have been carried out to characterise the material properties of the considered material mixtures 

at three different temperatures (25 °C, 300 °C and 400 °C) by means of deformation dilatometer (manufacturer: 

TA Instruments). Since the cylindrical semi-finished products were produced using the two-sided compaction 

process, it can be assumed that a comparatively lower relative density exists in the center of the sample as 

compared to the upper or lower zones. For this reason, the tensile specimens taken from the middle of the 

cylindrical semi-finished workpieces were considered for the subsequent investigations. Based on these 

experiments, force displacement curves were recorded and parameterised to obtain the flow curves of different 

semi-finished components. Subsequently, these flow curves were used to evaluate the plastic strain and stress 
data (see Figure 3) to be used for the numerical investigations. 

4. NUMERICAL SIMULATION OF THE SINTERFORGING PROCESS 

Behrens et al. have presented their work related to application of FEM for powder pressing as well as sintering 

process in [8]. This paper builds on those findings and provides an insight into the numerical investigation of 

the sinter forging process described above by means of FE program Abaqus. For this purpose, the model 

implemented in Abaqus according to Gurson-Tvergaard-Needleman (GTN), as mentioned in section 1.3, is 

applied. The accuracy of this model depends on the selection or evaluation of the considered parameters. This 
requires determination of the seven parameters namely the so called Tvergaard fitting parameters q

1 and q
2
, 

void nucleation parameters fn (volume fraction of the nucleation voids), ϵn (normal distribution of the mean 

nucleation strain) and sn (standard distribution of ϵn) as well as the porous failure parameters fc (critical void 

volume fraction) and ff (total void volume fraction at total failure). Investigations by Faleskog have shown that 

the Tvergaard fitting parameters are closely related to the strain hardening exponent N and the material 

strength σ0 /E [9]. Research work of Tvergaard showed that a large number of materials can be approximated 

with a moderate strain hardening exponent by using values of 1.5 and 1.0 for q
1 and q

2
, respectively [7]. The 

void nucleation parameters as well as the porous failure parameters can be determined by tensile tests in 

experimental as well as numerical form and metallographic investigations. However, these procedures are 
very complex and time-consuming, which is why the values proposed by Richelsen and Tvergaard (fn = 0.04, 

ϵn = 0.3, sn = 0.05, fc 
= 0.06 and ff = 0.667) were used in this work [10]. In addition, the total densities as well as 

the initial relative densities for different semi-finished workpieces evaluated after experiments in the section 2 

were considered for defining the initial material behaviour during our numerical investigations. 

       

Figure 3 Stress-Strain curves for material mixtures with 600 MPa pre-compression (left); 2D axisymmetric 

model and mesh of the tool system: (a) upsetting process, (b) forward extrusion process (right) 
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For the numerical investigation, the same semi-finished workpiece geometry is considered for both of the sinter 

forging processes. This is a cylindrical semi-finished product with a height of 33 mm and a diameter of 36 mm. 

A 2D axisymmetric model of the tool system was used for the numerical simulation of both the processes. The 

tools (stamp and die) were assigned rigid behaviour, whereas the workpiece was defined as deformable 

axisymmetric. A structured mesh was created for the workpiece by means of CAX4R type 4-node bilinear 

axisymmetric quadrilateral elements with reduced integration. Element length of 0.75 mm and 1 mm were 

chosen for the forward extrusion and upsetting, respectively and accordingly comprise of a total of 627 and 
1100 elements (see Figure 3). In order to accurately capture the material flow behaviour during the forming 

processes, an adaptive mesh algorithm (ALE) was incorporated. Surface to surface contact is defined and 

friction is described by using the coulomb’s model with a friction coefficient of 0.3 for the contact between tools 

and workpiece. The upper tool (stamp) is lowered by approximately 15.6 mm during the upsetting process and 

by 21 mm during the forward extrusion process. 

In this paper the simulation results based on the above described models and process parameters at a 

workpiece temperature of 400 °C for the samples compacted with 600 MPa pre-compression are exemplarily 
presented. The contour plots shown in Figure 4 describe the void volume fraction, given in %, which represents 

the difference between density and relative density. Both of the processes were numerically evaluated by 

comparison of porosity in workpieces with different TiC content at the end of respective forming process. 

 
Figure 4 Contours of porosity in samples with different TiC content after upsetting (a-c) and forward 

extrusion process (d-f) for 600 MPa pre-compression at a process temperature of 400 °C 

The samples had an initial void volume fraction of about 14 %. Figure 4 (a-c) shows that the regions in the 

core as well at the upper and lower edges show complete compaction for upsetting process with all TiC 

mixtures. However, in the bulging area, void volume appears to be increasing with an increase in the 

percentage of TiC. This will result in higher tensile stresses on the bulge surface which will decrease towards 

the middle of the sample. Cracks are expected to appear in the bulge surface, in particular for the samples 
with 20 % TiC mixture. In the case of forward extrusion process, Figure 4 (d-f) shows that all the samples 

undergo an almost complete compaction of the samples in most of the areas. This is due to the high 

compression stresses acting on the top as well as sides of the sample. A residual porosity is only present in 

the tip of the sample’s lower area as only negligible compression takes place in this area. As in the case of 

upsetting, the porosity during the forward extrusion process also seems to increase with an increase in the 

TiC. It could be argued that addition of foreign particles (i.e. TiC in this case) has led to a brittleness of the 

sample and hence a content as high as 20 % needs to be avoided. 

5. CONCLUSION AND OUTLOOK 

Within this study, two different sinter forging processes were investigated by using cylindrical semi-finished 

workpieces which were produced by conventional powder pressing. For the semi-finished workpieces, 
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aluminium with and without ceramic powder (TiC) content was pressed under pressures of 400 MPa, 500 MPa 

and 600 MPa followed by sintering in vacuum at a temperature of 590 °C for 20 minutes. A material 

characterization as well as a metallographic investigation was performed based on specimens obtained from 

the semi-finished workpieces. Subsequently, these semi-finished workpieces were forged with a material flow 

by upsetting and forward extrusion processes at room temperature, 300 °C as well as 400 °C. In addition, an 

FE-based investigation was carried out to investigate the process. The numerical investigations shows that it 

is possible to sinter forge reinforced cylindrical semi-finished workpieces into different geometries without 

macroscopic defects. However, a critical value of the maximum TiC content needs to be evaluated to avoid 

brittleness in the produced parts. 

In the future work, a validation of the numerical results will be performed by means of comparison with the 

produced parts. Moreover, radial components with concentric layers of aluminium and MMC will be pressed 

and sintered before performing a forging process. In order to illustrate the porosity content of these sinter 

forged concentric components, metallographic images will be used. These metallographic images will also 

allow to evaluate the influence of resulting densities on the porosity reduction in the sinter forged components  
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Abstract  

This article is focused on analysis of state formation which influences the tubes production process from 

austenitic stainless steels with diameter ∅ 0.34 mm in a negative way. The problems have been concentrated 

on factors monitoring which affect the drawing process stability of seem tubes where the desired final 

dimensions - a diameter ∅ 0.34 mm and a wall thickness 0.057 mm have been limited factors. The seem tube 

from steel 1.4306 and 1.4301 from producers KRUPP THYSSEN and ERGSTE WESTIG with longitudinal 

weld line created by TIG welding has been used as a blank for constituent drawing operations. By means of 

a weld analysis it has been determined that a thermal field creating during a weld formation can cause such 

material changes which influence to plasticity in a negative way during constituent drawing operations. There 

is a danger of chromium carbide precipitation along grain boundary in heat affected zone if a weld thermal field 

isn´t sufficiently cooled. These carbides cause plasticity degradation during technological operations with the 

most intense strain. It is desirable to provide intense inert gas circulation during a weld creation in air 

protective chamber. 

Keywords: Austenitic steels, seem tubes, TIG welding, stability drawing process, strain  

1. INTRODUCTION 

The seam tubes from austenitic stainless steels are used as a workpiece to medical needles production. There 

are produced through the use of combination of forming and welding technologies - by continual bending of 

blank in a sheet metal roll form with dimensions 10 x 1 mm, by TIG welding method, by drawing over floating 

mandrel in diameter and thickness reduction of wall and by tube drawing without mandrel in diameter reduction. 

Deep-drawing processes are continual where drawing length in depending on the blank dimension can be up 

to 300 m. However, there is creating of technological fracture during the drawing process which influences in 

negative way on production. 

The stable technological process is running continually according to predetermined and minimally changeable 

parameters without a technological fracture creating which can cause a production process interruption. 

Among factors affecting a technological fracture creating belong: 

1) geometry of functional tools parts: 

o    geometry of a drawing die and a mandrel - in ironing with wall thickness reducing with  

a floating mandrel (the first two operations), 

o   geometry of a drawing die - in tube drawing (following operations) [1], 

2) stress conditions in compress and size fixing area of functional tools parts [2], 

3) influence of tool parameters on the deep-drawing process [2, 3], 

4) geometric tubes similarity and a heavy-walled criterion [3, 4], 

5) influence of the weld and the heat-affected zone on tube eccentricity and deep-drawing process [5], 

6) influence of lubrication [2], 

7) influence of stress-strain parameters of formed material on a initial dimension of workpiece [6, 7]. 
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From these present factors the focus have been concentrated on the effect of the weld on plastic properties of 

formed material. 

2. MATERIAL CHARACTERISTICS 

The seam tubes used as a workpiece to needles production are made from austenitic stainless steels 

corresponding to the norm 1.4306 LA, resp. EN 1.4301 and EN 10088-2. These norms describe chemical 

composition of materials - 1. ERGSTE WESTIG, ARGESTE 4306 LA, PAPPE-300, DIN 17 441 and 2. KRUPP 
THYSSEN NIROSTA 4306, 1.4306 X2CrNi19 -11 which are described in Table 1 [6].  

The maximal permissible of a burr size on the edge is 10% from strip thickness. The surface of the starting 

material is high-bright, without surface protrusions, scales and pores with prescribed roughness. 

Table 1 Chemical composition in wt.%, of material ERGSTE WESTIG, ARGESTE 4306 LA, PAPPE-300,  

             DIN 17 441 and material KRUPP THYSSEN NIROSTA 4306, 1.4306 X2CrNi19 -11 

Material C Si Mn P S Cr Ni 

ERGSTE WESTIG 0.027 0.56 1.07 0.019 0.001 18.02 10.05 

KRUPP THYSSEN 0.012 0.52 1.56 0.022 0.05 18.25 10.08 

The presented steels correspond to the norm EN 10 088-2 and DIN 17 441. There are in cold rolled state with 

high-bright surface. 

3. TECHNOLOGICAL PROCESS OF TUBE PRODUCTION 

The workpiece is a metal strip with optimized thickness and width 0.1 x 10 mm for final dimension of tube φ0.34 

x 0.057 mm. The semi-product of tube with φ3.2 mm has been made by means of technological process 

according to Figure 1. It is rolled up to roll after continual bending and welding. The dimensional changes are 

achieved through following drawing operations on draw benches Bougrad Toolmatic with the purity degree „E“. 

The reduction of diameter and wall thickness with a floating mandrel has been φ2.84 x 0.075 mm in the first 

drawing and φ2.52 x 0.063 mm in the second drawing. The following operations are used to diameter reduction 

and they are realized by means of tube drawing without mandrel. 

  

Figure 1 Technological process of seam tubes 

production by bending proces 

Figure 2 Seam tubes welding by TIG method  

1 - gas jet, 2 - calibration pulleys creating additional 

pressure, 3 - non-melting tungsten electrode 
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3.1. Welding assembly 

The austenitic stainless steels tubes has been arc welded by Tungsten Inert Gas method (TIG) - Figure 2. The 

tungsten electrode is used to creating and keeping electric arc and a gap filling. The gap dimension has been 

minimized through the calibration pulleys pressure. The aim has been to create a totally tight weld without 

additional material and cracks. The favourable weld root forming has been secured by a pressure also presence 

of an inert gas. This way assigned the conditions for a perfect compact weld creating without pores and cavities. 

As an inert gas was used argon with a purity 99.95 % and the welding direct current with a straight polarity when 

a tungsten electrode is on a negative pole of the voltage source. In this way the TIG welded seam tube has been 

used as a workpiece to medical needles production [5]. 

4. MICROSTRUCTURE ANALYSIS 

Microstructure of stainless steel X2CrNi19-11 grade produced by two companies Thyseen Krupp Nirosta and 

Ergste Westig was analysed. The microstructure of tubes made of stainless steel produced by Ergste Westig 

observed in both longitudinal and transversal cross-sections was created by high strained austenitic matrix with 
deformation texture and fine dispersed carbide phase as can be seen in longitudinal cross-sections in Figure 3. 

The cross-section of ribbon semi product produced by Thyseen Krupp is depicted in Figure 4. The 

microstructure consists of austenite matrix, but without carbide phase or other microconstituents. The grain size 

of matrix was slightly higher compared to stainless steel produced by Ergste Westig. However, the austenite 

grain size of both steels was in the interval from 0.015 to 0.025 mm and match the standards. 

  

Figure 3 The tube WESTIG longitudal section Figure 4 The strip blank THYSSEN section 

5. MICROSTRUCTURE OF SEAM TUBE WELD 

Tubes after continuous bending and longitudinal welding using TIG method present a semi product for 

following drawing operations. The presence of weld with heat impact during the welding process can cause 

some changes in heat affected zone of the weld that influence the plasticity in a negative way. The joint after 
welding is documented in Figure 5a. The same weld joint after the first draw with floating mandrel and final 

tube diameter of 2.84 mm is in Figure 5b, and after the second draw with final tube diameter of 2.52 mm is in 

Figure 5c. The geometrical nonuniformity can be seen after seam welding in Figure 5a, but this was eliminated 

by floating mandrel drawing, see Figure 5b and Figure 5c. No defects were found in seam welds. Both the 

microstructure changes of seam weld and wall thickness reduction were the consequence of strain generated 
during the floating mandrel drawing process and they can be seen when comparing Figures 5a,b,c. The effect 

of temperature on chromium-nickel austenitic stainless steel microstructure in heat affected zone of seam weld 
is documented in Figure 6 is in Figure 7. The diagram shows the creation of chromium carbides Cr23C6 at the 

austenite grain boundary in the heat affected zone of the weld [7] when the cooling speed from the welding 

temperature is slow. These chromium carbide precipitates worsen plasticity during process steps with the 
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highest strain at drawing with floating mandrel. Sufficient protective gas flow during seam welding in protecting 

camber can be utilised to restrain the creation of chromium carbide precipitates. 

The SEM micrographs of inner side of tubes made of stainless steels produced by Ergste Westig and Thyssen 
Krupp are in Figures 8 and 9, respectively. The inner surface of tube made of stainless steel produced by 

Ergste Westig in Figure 8 is characterised with carbide precipitates in austenitic matrix creating significant 

relief. The microstructure of stainless steel produced by Thyssen Krupp in Figure 9 is characterised without 

carbide precipitates, but with coarser grain compared to steel produced by Ergste Westig. 

  

  

Figure 5 The weld joint of tube THYSSEN after a) welding, b) the first draw, 
c) the second draw 

Hard carbide precipitates negatively influence formability. They cause misalignment of outer geometry with 

inner circle. Floating mandrel deflect during the drawing process toward the side without carbide precipitates 

a therefore the wall thickness reduction of the side without carbide precipitate is more significant. Significant 

deformation strengthening in this part lead to plasticity depletion and creation of conditions for instability during 

the drawing process with braking of tube. 

  

Figure 6 The effect of temperature on Cr-Ni austenitic 

stainless steel microstructure in HAZ (left) [8] 

Figure 7 The pseudo binary diagram of 

Fe18Cr8Ni and carbon (right) [8] 
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Figure 8 The tube inner surface of material  

WESTIG 0.65 mm 

Figure 9 The tube inner surface of material 

THYSSEN 0.8 mm 

  

Figure 10 The tube eccentricity [4] Figure 11 The elementary surface on cross 

section of eccentric tube [4] 

6. THE EFFECT OF TUBE ECCENTRICITY ON DRAWING PROCESS  

Geometrical imperfections related to misalignment of outside and inner diameter of tube are characterised by 
eccentricity of centres, Figure 10. This imperfection significantly influences both the stability during drawing 

process and creation of technological fracture. 

At drawing of tubes at the ideal conditions, thus with eccentricity e = 0, the normal stress at the perimeter of 

tube can be express: 

SFtt =σ      resp.    ( )22 rRFtt −= πσ                                                                                                        (1) 

where: σt - the normal stress (MPa) 

           Ft - drawing force (N) 

           S - cross-section (mm2)  

           R - outer diameter (mm) 

            r - inner diameter (mm)  

The wall thickness is depending on angle γ. Unit force is applied on different planar elements, therefore tensile 

stress change continuously depending on angle γ Figure 11. For this reason, stress σ = f (γ) is designated σt. 

and So 

( ) ( )γσσ γ ddSrRt /..
2

1 22 −=   (2) 

The final value of normal stress distribution created by drawing force across cross-section of tube with 

eccentrical hole in dependence on geometry is  
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( ) ( )( )γγγσσ γ
2222222222 sin..cos..2sin..2. ereeerRrRt −−+−−−=   (3) 

If we substitute e = 0, we get σγ = σt, tensile stress for ideal tube is independent from angle γ and is equal to 

medial normal tensile stress. 

Behaviour of tensile stress across cross-section is less important than its minimal and maximal value. They 

will be positioned against each other at angle γ = 180°. I we assume the maximal value for γ = 0, then  

ÕÃ�¯ � Õ� . �;& � L&�/�;& � �L + ��&� (4) 

the minimal stress σmin will be at angle γ = 180° 

 ÕÃ�� � Õ� . �;& � L&�/�;& � �L � ��&� (5) 

If tensile strength is a boundary value, then critical value of eccentricity is 

�cI�� � À;& � �Õ�/;Ã�. �;& � L&� � L (6) 

After depletion of steel plasticity fracture propagates [4]. 

The position of floated mandrel during drawing process changes in the direction of smallest resistance of 

material. This effect is the most significant at first draw, when material isn’t influenced by plastic strain caused 

by drawing process. The tube properties will be influenced only by facts which lead to their acquirement. 

• processing of ribbon 

• continuous bending of seam tube 

• TIG welding with risk of hard carbide precipitation 

These operations result to creation of such non-homogenous properties across the cross-section of tube wall 

which cause eccentrical shape of cross-section with following complexities. 

7. CONCLUSION 

The microscopical material analysis confirmed the base of structure is constituted austenitic matrix. In the case 

of material ERGSTE WESTIG ARGESTE 4306 LA the fine-grained carbide phase in thermal field of weld is 

during large strain deformation dispersed and this flows around austenitic matrix. According to certificated values 

a carbon content in this steel  is 0.027%. Supposing a carbon content and carbide phase cause the problems 

during greater strain deformations and this can be a initiator of drawing process interruption. For this reason, a 

steel KRUPP THYSSEN NIROSTA 4306, 1.4306 X2CrNi19 -11 with 0.012 %C appears as more suitable 

material. Although, this steel contains a coarse-grained structure, it is less sensitive to formation of carbidic 

phases. A weld quality of seam tube is entering drawing process is appropriate to applied technology. It is 

necessary to prevent a undesirable phases creation (e.g. carbide phase Cr23C6) along grain boundaries because 

these can noticeably affect the first two drawings and particularly from an outer and inner shape eccentricity 

point of view. This eccentricity is caused by structural inhomogeneity which affect to non-uniform distribution of 

true strain and the fracture formation on the side of eccentricity. If carbide phases are a product of temperature 

changes during welding it is necessary to analysis temperature proportion in a welding chamber where the seam 

weld is forming by TIG method in protective atmosphere. It is possible using secondary function of argon as 

a coolant securing of sufficient inert gas flow rate. Thereby the spot formation with chromium heightened 

concentration would repress where Cr23C6 carbides are forming along the grain boundaries. This unidirectional 

carbide orientation on the cross-section (in HAZ) in view of its properties can cause floating broach guiding 

eccentricity during drawing operation and by reason of this a technological fracture origins. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

342 

ACKNOWLEDGEMENTS 

This work was supported by the Slovak Research and Development Agency under the contract  
No. APVV-16-0485. 

REFERENCES 

[1] BRANMLEY, A., N. SMITH, D.,J. Tube drawing with floating plugs. Metals Technology. London, 1976. 

[2] ATANASIU, N. Optimierung der technologischen Parameter beim Ziehen von Rohren auf fliegendem Dorn.     
Metalurgia. 1980. no. 8, pp. 45-52. 

[3] MORAVEC, J. Electromagnetic Forming the Thin-waled Tubes. In. METAL 2017: 26rd International Conference on 
Metallurgy and Materials. Ostrava: TANGER, 2017, pp. 326-331. 

[4] PERNIŠ, R. Ťahanie rúr na plávajúcom tŕni so záporným presahom. Hutnické listy. 1999. no. 2, pp. 28-36. 

[5] ORSZAGH, P., ORSZAGH, V. Zváranie TIG a neželezných kovov. Bratislava: Vydavateľstvo SAV, 1998. p. 300. 

[6] Materials specification, unpublic document 14 10 211 

[7] MOJŽIŠ, M., RIDZOŇ, M., BÍLIK, J., PARILÁK, Ľ. The Stability of Geometry by the Production of the Multi Rifled 
Tubes. In. METAL 2017: 26rd International Conference on Metallurgy and Materials. Ostrava: TANGER, 2017,  

pp. 351-356 

[8] BRICK, M., R., PENSE, A., W., GORDON, R., B. Structure and properties of engineering materials.  

New York, 1990. p. 287. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

343 

EVALUATION OF THE MECHANISM OF DAMAGE TO THE FORGING DIE USED IN THE DIE 
FORMING HAMMER 

Janusz CEBULSKI 1, Dorota PASEK 1  

1Silesian University of Technology, Katowice, Poland, EU, janusz.cebulski@polsl.pl; dorota.pasek@polsl.pl 

Abstract   

The paper describes the mechanism of destruction of forging die used for plastic working processes by die 
forging on hammers. The test material was a matrix after exploitation for plastic processing using the hot 
forging method, made of WNLV grade material. Cyclical changes in temperature and stress in the matrix led 
to degradation of the structure to the extent that it ruptures during operation. The criterion determining in 
industrial conditions the degree of remaining operational usefulness is the assessment of material hardness 
performed by non-destructive methods of hardness measurement (Leeb method). Obtaining extended material 
characteristics after exploitation will allow to predict the time of safe work of the die, as well as to determine 
the moment in which the matrix can be repaired, e.g. by making a pad in the working layer or by machining 
the cavity. The research focused on the assessment of the structure and properties of the damaged matrix. 
The scope of the work included the assessment of the structure carried out by means of light microscopy, 
scanning electron microscopy and determination of mechanical properties in the impact test and static tensile 
test. The obtained results were referenced to the WNLV steel parameters given in the standard. 

Keywords: Degradation, tool steel, properties, die forging  

1. INTRODUCTION 

Forging is one of the oldest metal forming processes. The forging dies are made of tool steel for hot work. The 
forging dies are used in hot forging processes, are exposed to many destructive mechanisms. They are 
affected by high values of mechanical and mal loads [1]. The shaped material transfers heat, resulting in the 
tool being heated locally to a temperature of 500 - 600°C [2,3]. The mechanisms of wear and destruction occur 
with varying intensity, depending on the design of the pattern and process conditions. The basic processes of 
wear and destruction of forging dies include abrasive wear, thermal fatigue, mechanical fatigue and plastic 
deformation [4-6]. Abrasive wear is one of the major causes making forming tools lose their initial opera-ting 
capability. It is the result of a material loss, mainly due to the separation of material particles from the surface. 
Abrasive particles that cause wear and destruction of the material are hard oxides formed as a result of 
oxidation of high temperature matrix surface as well as forging [7,8]. The next mechanism is thermal fatigue. 
Cyclical changes in temperature cause the material to be alternately stretched and compressed. In addition to 
thermal stresses, dynamic loads have a significant effect on wear and destruction of the die, which additionally 
increase the stresses in the material and lead to cracks on the die surface [9,10]. During forging, when the 
temperature of the surface layer exceeds the tempering temperature of the dies, the material reduces hardness 
and undergoes plastic deformation. In connection with the above, it is important for reasons of safety and 
operational and economic point of view to determine the degree of degradation of the matrix material during 
the use of the matrix. Determining the advancement of material consumption processes makes it possible to 
classify a matrix for repair or scrapping. The aim of the studies was to determine the wear resistance of 
selected dies after forging processes. 

2. RESEARCH MATERIAL AND METHODOLOGY 

The test material was a die for hot forging after operation. The die, which was the subject of this work, was 

made of tool steel for hot work of the 55NiCrMoV7 grade. High strength at elevated temperatures and a low 

tendency to deform during hardening determine the desirability of using 55NiCrMoV7 steel for uniform medium 
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and small forging matrices. The chemical composition and properties of 55NiCrMoV7 steel compliant with the 

PN-EN ISO 4957: 2004 standard are presented in Table 1. The processed matrices were visually inspected, 

then the microstructural investigations were performed using the Olympus GX51 light microscope and the 

Hitachi S-4200 scanning electron microscope with X-ray microanalysis chemical composition of EDS. The next 

step was to determine the mechanical properties of the matrix using a static tensile test. In addition, the state 

of the surface and the resulting fractures of the matrix were analyzed using scanning electron microscopy. 

Table 1 Chemical composition of 55NiCrMoV7 steel in initial state - value according to the standard and in  

  actual brackets (% by mass)  

C Cr Ni Mo V W 

0.5 - 0.6 (0.56)      0.8 - 1.2 (1.05) 1.5 - 1.8 (1.64) 0.35 - 0.55 (0.37) 0.05 - 0.15 (0.09) max. 0.3 (-) 

Co Mn Si P S Cu 

max. 0.3 (-) 0.6 - 0.9 (0.78) 0.1 - 0.4 (0.19) max. 0.03 (0.006) max. 0.03 (0.002) - 

3. EXPERIMENTAL RESULTS 

The matrices after exploitation were subjected to macroscopic observations, the results of which are shown in 
Figure 1. It has been found that there are different mechanisms for destroying tools in matrices, and in some 

cases these mechanisms occur together. The basic ones include abrasive wear, plastic deformation, thermal 
and mechanical fatigue. From the matrix which broke (Figure 1c), the material for the microstructure 

investigation was collected, the results of which are shown in Figure 2. The analysis of the structure of the 

matrix after exploitation made it possible to determine the presence of a martensitic structure with bright areas 

of the so-called white spots. This effect may be a consequence of segregation of the chemical composition or 

incorrectly conducted heat treatment (hardening). 

    

    

Figure 1 Examples of wear for hot forging dies: a - abrasive wear, b - thermal fatigue, c - mechanical 

damage, d - plastic deformation 
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The results of mechanical properties are presented in Table 2 and Figure 3. It was found that the material 

meets the requirements specified by the standard in terms of tensile strength and yield strength. 

Table 2 List of mechanical properties of the matrix after a static tensile test 

Samples Rp0.2 (MPa) Rm (MPa) A (%) Z (%) 

1 1712 1961 3.8 1.7 

2 1655 1954 3.3 4.6 

3 1700 1971 2.3 5.9 

average 1689 1962 3.8 12.7 

standard deviation 30.0 8.5 1.5 15.6 

       

Figure 2 The microstructure of the die for hot forging after operation. The structure of low-martensite, 

martensite and the presence of white patches 

 
Figure 3 Diagram of mechanical properties after a static tensile test for sample 1 

The obtained breakthroughs after a static tensile test were subjected to observations by means of a scanning 
electron microscope. The results are shown in Figure 4. it was found that the surface of the matrix fracture is 

mixed (ductile and brittle). Toughness of the matrix was determined using the Charpy test. Subsequently, 
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observations of the surface of obtained breakthroughs were performed using the Hitachi S-4200 scanning 
electron microscope. The results of breakthrough observations are presented in Figure 5. The impact strength 

results are summarized in Table 3. It has been found that the material has an impact resistance at a low level. 

The drop in impact strength may result from the presence of microcracks in the material, which are a 

consequence of the matrix operation. 

          

Figure 4 Surface of the fracture of the sample after a static tensile test,mixed breakthrough 

Table 3 Toughness impact assessment after Charpy test 

Samples J/cm2 

1 11 

2 8.6 

3 8.6 

average 9.4 

standard deviation 1.4 

           

Figure 5 Surface of the fracture of the sample after a impact tests. Mixed breakthrough. 
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4. CONCLUSION 

On the basis of the conducted research and analysis of their results, the following final conclusions were drawn: 

1) The material has a different martensitic structure, from correct (locally) to degraded to a degree that 

makes it impossible to continue using the matrix. 

2) The material hardness of the die indicates improper heat treatment, consisting of tempering the die after 

hardening in too low a temperature or in too short a time (low-martensite). 

3) The microstructure is differentiated by the presence of soft spots, the occurrence of which is the result 

of unheated or insufficiently intensive cooling, or due to the heterogeneity of the initial structure, e.g. 

ferrite clusters. 

4) The correct structure enables the matrix to be repaired based on the use of the machining process or 

the repair by the method of welding. The change in the structure that prevents further use of the matrix 

results mainly from the fact that the structure, which has been degraded to a large extent, causes a drop 

in impact strength, and consequently an increase in susceptibility to cracking during the forging process. 

5) There was no loss of plasticity, as evidenced by the results of static tensile test and ductile fracture on 

the material after the impact test (observations by scanning electron microscopy). 

REFERENCES 

[1] GRONOSTAJSKI, Zbigniew, BĘDZA, Tomasz, KASZUBA, Marcin, MARCINIAK Marcin and POLAK, Sławomir. 
Modelowanie mechanizmów zużycia narzędzi kuźniczych. Obróbka Plastyczna Metali. 2014. vol. 35, no. 4, pp. 

301-315. 

[2] RYUICHIRO, Ebara and KATSUAKI, Koike. Failure analysis of hot forming dies for automotive components. 
Engineering Failure Analysis. 2008. vol. 15, pp. 881-893. 

[3] SIŃCZAK, Jan. Kucie dokładne. Kraków: Uczelniane Wydawnictwo Naukowo-Dydaktyczne, AGH, 2007. 

[4] LAVTAR, Luka, MUHIC, T, KUGLER, Gudrun and TERCELJ, M. Analysis of the main types of damage on a pair 
of industrial dies for hot forging car steering mechanisms. Engineering Failure Analysis. 2012. vol. 18, no. 4, pp. 

1143-1152. 

[5] GRONOSTAJSKI, Zbigniew, HAWRYLUK, Marek, ZWIERZCHOWSKI, Maciej, KASZUBA, Marcin and 
MARCINIAK, Marcin. Analiza zmęczenia cieplnego stali WCLV stosowanej na matryce do kucia na gorąco. Rudy 

i Metale Nieżelazne. 2011. vol. 56, no. 11, pp. 654-660. 

[6] ŚWIĆ, Jacek. Warunki eksploatacji narzędzi do obróbki plastycznej na gorąco. Eksploatacja i niezawodność. 

2003. vol. 2, pp. 59-62. 

[7] BEHRENS, Alfredo, SHAFER, Frank, HUNDERTMARK, A. and BOUGUECHA, A. Numerical analysis of tool 
failure in hot forging pro-th cesses. In Design and technology of drawpieces and die stamping: 17th International 
Scientific and Technical Conference. Poznań: Instytut Obróbki Plastycznej, 2008. 

[8] TUREK, Jan. Trwałość matryc kuźniczych z wykrojami napawanymi. Praca doktorska. Kraków: Politechnika 

Krakowska, 2010. 

[9] WEROŃSKI, Andrzej. Zmęczenie cieplne metali. Warszawa: Wydawnictwo Naukowo Techniczne, 1983. 

[10] EBARA, Ryuichiro. Fatigue crack initiation and propagation behavior of forming die steels. International Journal of 

Fatigue. 2010. vol. 32, pp. 830-840. 

      



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

348 

THE CHARACTERISTIC OF DEFORMABILITY OF Fe-Ni SUPERALLOY DURING  
HIGH-TEMPERATURE DEFORMATION 

Kazimierz DUCKI 1, Jacek MENDALA 1, Lilianna WOJTYNEK 2 

1Silesian University of Technology, Katowice, Poland, EU, kazimierz.ducki@polsl.pl, jacek.mendala@polsl.pl 

2Opole University of Technology, Opole, Poland, EU, l.wojtynek@po.opole.pl 

Abstract     

The influence of two variants of initial soaking at 1100 °C / 2 h and 1150 °C / 2 h and parameters of hot plastic 

deformation on the deformability of an A-286 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 power function. Activation energy for hot working (Q) was assessed for the alloy after two 

variants of initial soaking, i.e. 1100 °C / 2h and 1150 °C / 2h and amounted - respectively - 442 kJ/mol and 

519 kJ/mol.  

Keywords: A-286 superalloy, hot deformation, plastic properties, Zener-Hollomon parameter, activation   

       energy for hot working 

1. INTRODUCTION 

The behavior of metals and alloys in the hot working process is complex and it varies with the changing of 

process parameters [1-5], such as the deformation, strain rate and temperature. The high-temperature plastic 

deformation is connected with dynamic recovery and recrystallization processes which have an effect on the 

structure and properties of alloys. An important issue with respect to steels and nickel alloys is to find the 

relationship between the hot working parameters, the microstructure and their properties. 

The Fe-Ni superalloys, precipitation hardened with γ′- Ni3(Al,Ti) intermetallic phases, are difficult to deform and 

are characterized by high values of flow stress at high temperatures. The high flow stress of these alloys results 

from their complex phase compositions, high activation energy for hot working and a low dynamic 

recrystallization rate. The selection of hot working conditions for Fe-Ni alloys should take into account the 

following factors [6-10]: the austenite grain size, hot working parameters and the course of recrystallization 

process. The grain size is of special importance, for grain refining contributes to accelerating the recovery and 

dynamic recrystallization, and obtaining smaller diameters of recrystallized grains. The refinement of grain in 

creep resisting Fe-Ni superalloys considerably improves 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 Fe-Ni superalloy.  

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The examinations were performed on rolled bars, 16 mm in diameter, of an austenitic A-286 type superalloy.  
The chemical composition is given in Table 1. 

The samples for investigations were made from rolled bars sections which were subjected to preheating, i.e. 

1100 °C / 2 h and 1150 °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]. 
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Table 1 Chemical composition of the investigated Fe-Ni superalloy 

Content of an element (wt. %) 

C Si Mn P S Cr Ni Mo V W Ti Al B N Fe 

0.05 0.56 1.25 0.026 0.016 14.3 24.5 1.35 0.32 0.10 1.88 0.16 0.007 0.0062 55.3 

The alloy deformability was examined through hot torsion testing with a Setaram 7 MNG torsion plastometer. 

Plastometric tests were carried out every 50 °C in the range of temperatures of 900-1150 °C, with a constant 
soaking time of 10 min at a given temperature. Solid cylindrical samples (Ø 6.0 × 50 mm) were subjected to 

torsion at rotational speeds of 50 and 500 min-1, corresponding to strain rates of 0.1 s-1 and 1.0 s-1, respectively. 

The samples after deformation until failure were cooled in water in order to freeze the structure. 

From the recorded data, 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 (MPa) - maximum flow stress on the flow curve; 

• εp (-) - deformation corresponding to the maximum flow stress; 

• σf (MPa) - 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]: 

( )[ ]n

ppA
TR

Q
Z σαε ⋅⋅=








⋅

= sinhexpɺ  (1) 

where: εɺ  (-) - strain rate, Q (J·mol-1) - activation energy for hot working, R (J·K-1·mol-1) - molar gas constant, 

T (K) - temperature, and A (s-1), α (MPa-1), 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 of Eq. (1) to the form: 

[ ]npp
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Q
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 −
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Further procedure was based on solving of Eq. (2) by a graphic method with using the regression analysis. 

3. RESULTS AND DISCUSSION 

After solution heat treatment at 1100 °C / 2 h / w. the presence of twinned austenite with medium-size grain 
(Ā = 2120 μm2) and a small amount of insoluble particles was revealed in the alloy structure (Figure 1a).  

The increasing parameters of the solution heat treatment to 1150 °C / 2 h / w. resulted in an increase of the 
matrix grain (Ā = 6296 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 

variant of initial soaking at 1100 °C / 2 h and a strain rate of 0.1 s-1 show a single peak in the flow stress-strain 

curves, and indicate that the recovery and dynamic recrystallization proceeded during the hot working process 
(Figure 2). High deformability values were obtained for the alloy in a wide range of torsion temperatures, i.e. 

950-1100 °C. An increase of strain rate to 1.0 s-1 caused a significant increase of flow stress and a decrease 

in deformability of the alloy at all tested temperatures. This phenomenon could be explained by a higher alloy 

strengthening rate and a too slow removal of work hardening as a result of dynamic recovery and 

recrystallization. 
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a)  b)  

Figure 1 Diversified microstructure of the Fe-Ni alloy after initial solution heat treatment at:  

a) 1100 °C / 2 h / w. (Ā = 2120 μm2); b) 1150 °C / 2 h / w. (Ā = 6296 μm2) 

 

Figure 2 The effect of torsion temperature on the flow stress and deformability of the Fe-Ni alloy  

after initial soaking at 1100 °C / 2 h. Strain rate: 0.1 s-1 and 1.0 s-1 

An increase of the initial soaking temperature to 1150 °C / 2 h significantly reduces the alloy deformability for 
the two strain rates, both at low and high deformation temperatures (Figure 3). High values of alloy 

deformability were obtained in a narrow range of torsion temperatures, i.e. 1000-1050 °C. This behaviour of 

the alloy can be explained by a larger austenite grain size at the above-mentioned soaking temperature and 

the resultant lower rates of recovery and dynamic recrystallization.  

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. In the case of the initial soaking variant at 1100 °C / 2 h 

and the strain rate of 0.1 s-1, the examined alloy showed a continuous decrease in σpp, from the value of 

277 MPa at 900 °C to the 81 MPa at 1150 °C (Figure 4a). Initially, the strain limit εf increased with the torsion 

temperature and reached its maximum value of 3.19 / 3.14 at 1000-1050 °C, after which it started falling 
(Figure 5a). An increase in the strain rate to 1.0 s-1 caused an increase of σpp to a maximum value of 367 MPa 

at 900 °C (Figure 4a), and a reduction of the strain limit to its maximum value of 2.47 / 2.34 at a temperature 

of 1000-1050 °C (Figure 5a). 
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Figure 3 The effect of torsion temperature on the flow stress and deformability of the Fe-Ni alloy  

after initial soaking at 1150 °C / 2 h. Strain rate: 0.1 s-1 and 1.0 s-1 

a)  b)  

Figure 4 The effect of deformation conditions on maximum flow stress of the Fe-Ni alloy.  

Initial alloy soaking: a) 1100 °C / 2 h, b) 1150 °C / 2 h 

a)  b)  

Figure 5 The effect of deformation conditions on strain limit of the Fe-Ni alloy.  

Initial alloy soaking: a) 1100 °C / 2 h, b) 1150 °C / 2 h 
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An increase in the initial soaking temperature of the alloy to 1150 °C / 2 h at the strain rate of 0.1 s-1 resulted 
in a growth of σpp maximally to 293 MPa at 900 °C (Figure 4b) and a reduction of εf maximally to 2.92 / 2.93 

in the temperature range of 1000-1050 °C (Figure 5b). An increase in the torsion rate to 1.0 s-1 resulted in a 

further increase of the σpp value to maximally 370 MPa at 900 °C (Figure 4b), and a decrease of εf to maximally 

2.89 / 1.75 in the temperature range of 1000-1050 °C (Figure 5b).  

The hot working activation energy, Q, was calculated using a computer programme Energy 3.0 [16]. It was 

found that the hot working activation energy of alloy Fe-Ni depends on the temperature of initial soaking and 
amounts to: Q = 441.8 kJ/mol - for initial alloy soaking at 1100 °C / 2 h; Q = 518.7 kJ/mol - for initial alloy 

soaking at 1150 °C / 2 h. The higher value of the hot working activation energy Q for the alloy after initial 

soaking at 1150 °C / 2 h can be explained by a larger austenite grain size and a higher degree of matrix 

saturation with alloying elements in its initial state. 

The dependencies between the maximum flow stress σpp and the Zener-Hollomon parameter Z are presented 

in Figure 6. For both variants of initial soaking, a power dependence (R2 = 0.98) was obtained for the alloy 

flow stress as a function of the Z parameter. It was shown that the determined dependencies between the 

maximum flow stress σpp and the Z parameter had the form of power functions (Eq. (3) and (4)): 

• for the alloy after initial soaking at 1100 °C / 2 h: 

σpp = 0.43·Z 0.151 MPa, (3) 

• for the alloy after initial soaking at 1150 °C / 2 h: 

σpp = 0.34·Z 0.133 MPa. (4) 

 

Figure 6 Dependence of the maximum flow stress on the Zener-Hollomon parameter Z.  

Initial alloy soaking: 1100 °C / 2 h and 1150 °C / 2 h 

4. CONCLUSION  

In the temperature range of 900-1150 °C at a strain rate of 0.1 s-1 and 1.0 s-1, the flow curves of the examined 

Fe-Ni superalloy have a shape typical for a material where dynamic recovery and recrystallization have taken 

place. The indexes of the 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 1100 °C / 2 h, at a strain rate of 0.1 s-1 in the temperature range of 1050-950 °C. The use of a higher 

initial soaking temperature 1150 °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. 
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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 high activation energy for hot working Q. Its value depends significantly on the 

conditions of initial soaking. For the alloy after initial soaking at 1100 °C / 2 h, the estimated activation energy 
in the range of the used deformation parameters was Q = 442 kJ/mol. In the case of hot working of the alloy 

after initial soaking at 1150 °C / 2 h, the activation energy was higher and amounted to Q = 519 kJ/mol. 
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Abstract  

The zinc coating both increases the corrosion resistance and lubricated to minimize the friction for subsequent 

diameter reduction steps. The course of the reaction between the steel surface and the molten zinc depends 

upon the formation and growth of the iron-zinc alloy layers. The type and quantity of zinc coating layer produced 

depends on many factors particularly, immersion time, zinc temperature, steel wire composition, zinc 

composition and condition of the wire surface. PChange of the processing speed is an important factor as it 

will affect both the galvanizing time and the wiping of the coating. The as-fabricated galvanized steel wire 

needs to pass a number of quality tests before going on the market, concerning mechanical and corrosion 

properties. This paper presents data obtained from trials and production records on the effects of hot dip 
galvanising on wire properties. In this study, mechanical properties(tensile, elongation) and microstructure of 

alloy layer for different process speeds on wt. % 0.83 carbon wires at 3.20 mm diameter were investigated..  

Keywords: Hot-dip galvanizing, high carbon steel wire, coating weight, mechanical properties 

1. INTRODUCTION 

The galvanized coatings are used in applications such as the automotive and whiteware industry, which are 

particularly required for corrosion resistance. Hot dip galvanising produces a coating that consists of an iron-

zinc intermetallic alloy layer and a free zinc layer [1,2]. The alloy layer is formed in the zinc bath by the reaction 

between the steel and the molten zinc and the coating thickness depends upon immersion time, zinc 

temperature and, to a lesser extent, steel silicon content [3,7]. The free zinc layer has the same composition 

as the zinc in the bath and the thickness depends on the processing speed and to a lesser extent, the wire or 

rod diameter.  

   
Figure 1a Fe-Zn binary phase diagram b. layer of galvanize coating [1]  
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The iron - zinc equilibrium diagram (Figure 1-a) shows that there are three intermetallic compounds that can 

form during galvanising, all in the zinc rich region. The gamma phase (ɣ) has composition corresponding to 

FeZn3 with zinc content between 72.2 % and 77 %. The structure of alloy is body centred cubic. The delta 

phase (δ) is observed at higher zinc levels. Its composition corresponds to FeZn7 and it exists in the range 

88.5 % - 93 % zinc. The structure is hexagonal. There is a δ phase but this is unstable at temperature below 

about 600 ˚C. The zeta phase (ζ) exists in a narrow range of concenrations between 93.8 % and 94 % with a 

composition corresponding to FeZn13. The structure is monoclinic. The ζ phase is very brittle. There is a fourth 

phase, η, which is of interest. This is almost pure zinc, taking the form of a solid solution of iron in zinc. The 

maximum solubility of iron in zinc is about 0.03 % at 450 °C, reducing to 0.008 % at ambient temperature. The 

galvanising bath will normally contain iron in axcess of the solubility limit and therefore consist of η phase. The 

free zinc layer picked up by the wire as it leaves the zinc bath is also η [2,3,5,7]. 

Zinc baths are usually operated at 450 ˚C. Lower temperatures are rarely used, ensuring a safety margin from 

solidification of the zinc (420 ˚C) [6]. In this study, the experimental study was carried out by keeping the 

temperature constant at 450 ˚C. With vertical extraction the pick-up of free zinc depends upon the processing 

speed and feed diameter. In the case of oblique extraction the data available suggests that the diameter does 

not materially affect the free zinc coat weight. The total expected coat weight values can be calculated as the 

sum of the alloy layer and free zinc. As galvanizing speed increases the immersion time decreases together 

with the alloy coat weight. At the same time, the increasing speed gives an increase in free zinc coat weight.  

The galvanizing temperature also caused the change in the mechanical properties of high carbon steels. The 

zinc coating does not contribute to the breaking load of the wire but by increasing the wire diameter it reduces 

the tensile strength. The magnitude of this change is dependent only on the coating thickness, which 

determines the increase in area of the cross section. To eliminate the effects of size change, it is convenient 
to consider the effects of heat treatment on the breaking load rather than the tensile strength.  

The aim of the study is to investigate the effect of galvanizing speed on coating thickness, coating weight, 

mechanical properties by keeping all parameters constant. Microscopic analyses both the alloy and free zinc 

coat thickness have been obtained by analysis of data from both trials and production operations. 

2. EXPERIMENTAL DETAILS 

The steel material for the experimental study was Ø 3.20 mm wire from wt.% 0.83 C (Table 1). The wires were 

subjected to galvanizing in industrial conditions on the galvanizing production line. Before galvanizing process 

the wires were subjected to a surface chemical treatment, for example washing in water, pickling in HCl, by 

washing in a cold water and then fluxing.  

Table 1 Steel chemical composition (wt.) 

C % Mn% Si% P% S% Cu% Cr% Ni% N% V% 

0.83 0.66 0.20 0.015 0.007 0.08 0.3 0.03 0.004 0 

Table 2 Galvanizing process parameters and technical specifications 

Diameter (mm) Temperature (˚C) Galvanizing 
speed 1 (m/min) 

Galvanizing 
speed 2 (m/min) 

Galvanizing 
speed 3 (m/min) 

Galvanizing 
speed 4 (m/min) 

3.20 450 25.1 32.1 39.1 46.1 

All the samples are galvanized at the same distance 

All samples were exposed to vertical extraction 
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The technical characteristics of the galvanize bath and the temperatures used in the experiments are shown 
in Table 2. The galvanized wire specimens were pulled to the universal tensile testing unit (Zwick 5 kN, strain 

rate:0.006 s-1) in accordance with TSE EN ISO 6892-1 standard. Yield strength, tensile strength and elongation 

after the test were compared. Subsequently, coating weight was determined by volumetric method and coating 

thickness was analysed by optical microscope.  

3. RESULTS AND DISCUSSION 

The cold drawing activates in the steel wire a strain hardening mechanism, so that it produces a clear 

improvement of mechanical properties obtained from a standard tensile test: both the yield strength (σ0.2) and 

the ultimate tensile strength (σm) increase with cold drawing, while the elastic modulus (E) remains constant 

and the elongation (ductility) decreases with it. The galvanizing temperature is 450 ˚C and this temperature 
causes a change in the mechanical properties of the material. The research presented in Table 3 shows that 

galvanizing parameters on the line to galvanizing steel wire significantly affect its mechanical properties. In 

addition, σ-Ɛ curves are shown below before and after galvanizing.  

Table 3 Mechanical properties of galvanized steel wires 

Diameter (mm) 
Galvanizing speed 

(m/min) 
σ0.2 

MPa 
σm 

MPa 
% ε 

3.20 

Bright (Before 
galvanizing) 

1227 1640 3.0 

25.1 1082 1482 6.0 

32.1 1132 1572 7.3 

39.1 1138 1557 6.4 

46.1 1142 1547 7.2 

 

Hot dip galvanizing affects the wire tensile properties as a result of the effects of heat treatment during the 

galvanizing process, usually from the zinc bath and any stress relieving treatment. The zinc coat does not 

contribute to the breaking load of the wire but by increasing the wire diameter it reduces the tensile strength. 

The magnitude of this change is dependent only on the coat thickness, which determines the increase in area 

of the cross section. To eliminate the effects of size change, which can be easily calculated, it is convenient to 
consider the effects of heat treatment on the breaking load rather than the tensile strength. Figure 2 shows 

that change of mechanical properties with galvanizing speed. 

Before galvanizing 

After galvanizing 
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Figure 2 Change of mechanical properties with galvanizing speed 

The total expected coat weight values can be calculated as the sum of the alloy layer and free zinc. As 

galvanising speed increases the immersion time decreases together with the alloy coat weight. At the same 
time, the increasing speed gives an increase in free zinc coat weight (Table 4).  

Table 4 is characteristic of the relationship between coating weight and speed, in this case for a 3.20 mm wire 

with an immersion length of 8.50 m and vertical extraction. Initially the loss of alloy layer with increased speed 

is greater than the gain in free zinc and the total coat weight reduces. At higher speeds the increase in free 

zinc more than offsets the loss in alloy layer contribution and total coat weight increases. There is a speed at 

which a minimum total coat weight is obtained.  

Table 4 Galvanized properties and image of optical microscope 

Φ 

(mm) 

Galvanizing 
speed 

(m/min) 

Coatin
g mass 
(gr/m2) 

Coating 
thickness 

(µm) 

Alloy 
layer 

thicknes
s (µm) 

Free zinc 
layer 

thickness 
(µm) 

Image of optical microscope 

3.20 

32.1 241 32.641 10.351 22.29 

 

25.1 231 30.790 10.452 20.33 
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Table 4 - Continue 

Φ (mm) 
Galvanizing 

speed 
(m/min) 

Coatin
g mass 
(gr/m2) 

Coating 
thickness 

(µm) 

Alloy 
layer 

thickness 
(µm) 

Free zinc 
layer 

thickness 
(µm) 

Image of optical microscope 

3.20 

39.1 252 38.886 7.166 31.72 

 

46.1 260 40.673 6.803 33.87 

 

4. CONCLUSION 

Wire drawing is a cold deformation method and causes deformation hardening in the material during this 

process. Hot dip galvanizing affects the wire tensile properties as a result of the effects of heat treatment during 

the galvanizing process, usually from the zinc bath and any stress relieving treatment. Experimental study 

shows that galvanization process in wire applied cause of decrease mechanical properties 7-10% was 

observed. One of the many parameters affecting galvanizing properties is the processing speed. Experimental 

studies have shown that the increase in process speed increases the coating thickness and coating weight.  
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Abstract   

Intensity of structural changes during forging is usually determined in dependence on the forging ratio. Forging 
ratio at elongation is most often calculated with use of simple relations, which are based on the change of 
cross-section of the forged pieces. The intensity of structure development is influenced not only by the simple 
change of cross-sections, but also by relative length of the stroke, magnitude of deformation in individual 
passes, manner of edging, temperature, friction and shape of anvils. The paper gives an analysis of influence 
of the relative length of the stroke on the forging ratio.  

Keywords: Forging, relative length of the stroke, forging ratio  

1. INTRODUCTION 

The quality of large forgings is influenced not only by metallurgical factors of forging, such as the use of ingot, 
heating, forming temperatures, forging ratio etc., but also by technological factors, the significance of which 
not only in their impact on the quality of forgings, but mainly on economy issues. Especially in the case of 
forgings with complicated shape it is important to determine the optimal technological principles for their 
production, so that the required shape of the forged piece is achieved together with a good quality with optimal 
consumption of metal and at economic production costs [1]. 

In many cases it is in the case of forgings with complicated shape more advantageous to manufacture a forged 
piece with technological material allowance with larger metal consumption and lower processing costs, rather 
than laboriously manufacture forged piece with complicated shape accompanied by large capacity loss of the 
forging shop and by high production costs [2]. 

So far published guidelines for the optimal shape range for production of large forgings are very limited and 
they do not provide the necessary picture of the optimal shape of the forged piece. Production possibilities of 
forging are then usually often overestimated and production costs are higher than in the case, when a forged 
piece of simpler shape is manufactured with technological material allowance [3]. 

The following technological principles are an attempt to express mathematically the major factors, according 
to which it is appropriate to carry out production of open-die forged pieces. Majority of those principles were 
prepared on the basis of operational experience of Czech forging shops and also of international literary 
references [4, 5]. 

Mathematical expression of technological principles is based especially on empirical experience of forging 
shops and it therefore makes no demands to the exactness of expression. Each of the presented principles 
would require for exact expression a deeper theoretical analysis and particularly numerous industrial 
measurements and model experiments and mathematical simulations. 

2. SHAPE OF ANVILS 

The anvils used at forging can be basically divided into: straight, angular and shaped. At manufacture of large 
forged pieces by direct elongation of the ingot it is the most advantageous to use straight anvils, while the 
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elongation should be performed by re-forging of the multi-edge ingot into an octagonal forged piece followed 

by gradual change of its shape into the square. Forging of circular forged pieces of cross-sections by direct 
elongation from the ingot should also be performed by re-forging of the ingot into a square forged piece 
followed by its final shaping into a circular cross-section [6]. This last operation, i.e. the change of the square 
cross-section into a circular one, should be performed with a minimum elongation. 

At forging of circular cross section forgings it is not appropriate to use only straight anvils, since tensile stresses 

are formed in the central part of the forged piece, which may contribute to crack formation. When docking the 
circular cross sections, it is advantageous, especially in steels with low formability, to use angular or shaped 
anvils. For steels less susceptible to cracking it is possible to use a combination of anvils in such a way that 
the upper anvil is straight, the bottom is angular or shaped. This combination of anvils is most commonly used 
in forging shops at forging of circular rods from large ingots. 

The shape of anvils affects the uniformity of deformation in cross-section of the re-forged blank. Longitudinal 
deformation at cross section of the forged piece is significantly uneven when straight anvils are used, while it 
is much more uniform when angular anvils are used. The optimum forming procedure takes place under 
conditions when the maximal deformation in the forged piece axis is and there are no cracks formed on its 
surface. This condition is best met by angular anvils with the angle of 110 °. When shaped anvils are used for 
forging of circular rods, the ratio of the radius Rv to the radius of curvature of the cut-out of the shaped anvil 
Rko is very important. An ideal situation occurs when Rv = Rko. 

When this condition is met, the contact surface of the anvil with the forged piece is the largest, the spreading 
is minimal and formation of tensile stresses on the surface and in the axis of the forged piece is restricted [7]. 
An unfavorable state of stress occurs when Rko > Rv. The contact surface of the anvil is minimal and forging 

approaches adverse ratios at forging of forged pieces of circular cross sections on straight anvils. That's why 
it is advisable to select the size of the shaped anvil at the start of forging in such a way that Rv ≈ Rko, and to 
complete the forging at the ratio Rv ≥ Rko. The largest diameter D of the initial blank that can be forged in 
angular anvils with the radius equal to the half of curvature r and with the vertex angle β is limited by the 

relation: 

Ä � 2���∙�
Û                                                   (1) 

Where: Sk - the area of the anvil cut-out; �J � L&  ³2½� �
& + � � �´, K - the degree of elongation in one pass; r - 

the radius of the anvil curvature, β - the vertex angle between the tangents to the radius of the cut-out r 

curvature. 

2.1. Width of anvils, length of stroke and forging ratio  

     
Figure 1 Influence of the width of anvils on thickness reduction ratio of steel in the forged piece axis: 

a) shape of the deformation zone at elongation with use of narrow anvils,  

b) at elongation with use of broad anvils 
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Used width of anvils at elongation influences the evenness of deformation, thickness reduction ratio of steel in 
the forged piece axis and the intensity of elongation. When narrow anvils are used, Figure 1a, although the 

spreading is small, elongation is effective, but there is the danger of imperfect penetration of deformation in 
the ingot axis. When very large anvils are used, Figure 1b (or at elongation with large relative length of the 

stroke) the penetration of deformation in the forged piece axis is indeed guaranteed, however, in the case of 

straight anvils the spreading is considerable and intensity of elongation is small. 

It has been proven experimentally that the optimum width of straight anvils should be within the range from 0.5 

to 0.7 of the initial height of the forged piece, which can be described by the so-called relative length of the 

stroke by the relation: 

~¶ 
ò � 0.5 � 0.7               (2) 

where lz  - the length of stroke; ( lz ≈ 0.8·B; B is the anvil width), h - the initial height (or diameter D) of the 

forged piece. 

At bigger anvil width a considerable unevenness of deformation along the forged piece cross-section takes 

place, when true strain in the forged piece axis is significantly bigger than the average strain determined from 

the relation: 

É� � ����ç
ò�                                                                  (3) 

Where: h0 - the height of the forged piece before the deformation, h1 - the height after deformation.  

For calculation of the forging ratio by elongation it is possible to use two well-known relations, based on the 

change of cross-section of the elongated forged piece. The first relation, used most frequently in the forging 

shops, can be described by the following equation: 

¤ � �Ò
�� � ¼                                                                                                       (4) 

S0 - the initial cross-section, Si - the forged piece cross-section after elongation. In dependence on the 

magnitude of the applied strain and on the relative length of stroke it is possible to use for determination of the 

forging ratio by elongation also this relation: 

¤ � D
D�ÈÐ  �D�F�                                  (5) 

Where: εh - the magnitude of deformation, f - the coefficient of spreading at elongation. 

The coefficient of spreading depends on the relative width stroke lz/bi (Figure 2). The coefficient of spreading 

in dependence on the relative stroke at forging in angular anvils with the angle β = 120° is given in the second 

row, at forging on straight anvils it is in the third row of Table 1.  

Table 1 Dependence of the coefficient of spreading f on the relative width of stroke lz/bi 

lz/bi 0.3 0.4 0.5 0.6 0.7 0.8 1.0 1.2 1.4 

fangular - 0.01 0.025 0.04 0.06 0.75 0.11 0.12 0.16 

fstraight 0.13 0.17 0.20 0.24 0.25 0.27 0.32 0.36 0.41 

For calculation of relative spreading β* at elongation on straight anvils it is possible to use the relation: 

�∗ � õ��õ��ç
õ��ç

� D��D�ÈÐ� � 1                              (6) 

Where: bi - the blank width in the zone of deformation after applied strain, bi-1 - the blank width in the zone of 

deformation before the applied strain.  
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Figure 2 Diagram of the forged piece elongation: a) anvil width B and length of stroke lz, b) change of the 

cross-section  

3. STRAIN PENETRATION AT ELONGATION  

The relative length of stroke lz/hi affects the depth of strain penetration during elongation. The influence of the 

relative length of stroke lz/h and the influence of the forging ratio on development of structure in the steel 36 

CrNi 6 at elongation on straight anvils was experimentally verified. 

The experiments were performed on 15 kg laboratory ingots. Average dimensions of the ingot cross-section 
were 90 x 90 mm. Chemical composition of the steel is given in Table 2. 

Table 2 Chemical composition of steel 36 NiCr 6 (mass.%) 

C Mn Si Cr Ni V Al 

0.35 0.72 0.22 0.62 1.33 0.001 0.006 

The relative length of stroke was approx. 0.6. The forging ratio was determined according to the relation (5) 

and it was within the interval from 1 to 4. The forging was carried out in the temperature range from 1050 to 

950 °C. The forged pieces were after docking annealed at 600 °C for 2 hours, they were cooled down on air, 

and samples for metallographic analyses were taken from them. The samples for metallographic analyses 

were taken perpendicularly to the forged pieces longitudinal axis. Due to small size of the experimental forged 

pieces no analysis of structure size carried along the height of the elongated samples was made. Development 
of structure in the forged pieces axis in dependence on the forging ratio is shown in Figure 3. Although 

considerable attention is paid to investigation of the influence of forging ratio on the structure and mechanical 

properties of forged pieces resulting from it, we currently see also discussing works concerning the influence 

of the forging ratio on the structure and properties of forged pieces, as well as those concerning the calculation 

of the forging ratio. All the studies conducted so far clearly evidenced that it is possible to refine the structure 

by the better (not higher) forging ratio and thus improve also the properties of forged pieces, such as ductility, 

thinning and notch toughness. 

It is evident from Figure 3 that the forged piece structure gets significantly refined from the forging ratio around 

the value of 4 (Figure 3d), although the forging shops operate mainly with the value of 3. If an upsetting 

operation is included into the technology of forging of longitudinal forged pieces, it has been unequivocally 

proven that the upsetting effect on the development of structure and thus also on en enhancement of the 

mechanical properties is not equivalent to the impact of the thickness reduction ratio achieved by elongation 
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of the forged piece, it means by reduction of the cross-section of the forged piece in respect to the ingot cross 

section. 

         
a)                                     b)                                     c)                                      d)                          

Figure 3 Development of structure of the steel 36NiCr6 in dependence on the degree of thickness reduction 

ratio: a) K = 1; b) K = 2; c) K = 3; d) K = 4 

4. CONCLUSION  

Due to the fact that for the assessment of production technology the forging shops got used to determination 

of the forging ratio, while for the pieces forged by elongation the minimum value is set to 3, it is necessary also 

for the pieces produced with use of upsetting operation to determine such a calculation of the total degree of 

forging ratio, which would correctly take into account the effect of upsetting. It is only natural that for 

determination of this calculation it is necessary to use simplified assumptions, since calculation of the forging 

ratio gives only an average value due to an unevenness of deformation in the formed forged piece. 
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Abstract  

The article presents results of investigation of structure and properties of low-carbon steel after application of 

Equal Channel Angular Pressing (ECAP) at the temperature of approx. 290°C. The ECAP method lead to 

significant improvement of strength of investigated material. Investigation of structure was made by 

combination of TEM and FEG SEM together with EBSD. It was proven that the ECAP method enables 

obtaining of ultra fine-grained ferritic structure formed by re-crystallised grains with very low dislocation density 

and a small fraction of spheroidised carbides, which occurred usually at the ferritic grain boundaries. It was 

established with use of the EBSD technique that after 8 passes through the ECAP die the sub-grains with 

misorientation angles smaller than 10° formed less than 20% of the final structure. Average size of ferrite 

grains with high-angle boundaries after 8 passes was approx. 0.32µm. 

Keywords: Low-carbon steel, severe plastic deformation, structure, testing methods  

1. INTRODUCTION 

Enhancement of strength properties of polycrystalline metallic materials with preservation of sufficient 

toughness can be achieved by refining of grains [1, 2]. Dependence between the grain size and the level of 

yield strength is described by the Petch-Hall relation: 

2
1

0

−
+= kdy σσ   (1) 

where:  

 σy - the flow stress (MPA), σ0 - the stress (MPa), k - the constants (MPa.mm-1),  

             d - the grain size (mm). 

This relation can be used in extensive interval of grain sizes, up to several dozens of nanometres [3]. Search 

of possibilities of efficient refining of structure of technical materials lead to important modification of technology 

of thermo-mechanical treatment, which enable obtaining grain size at the level of several micrometres. The 

most efficient processes are the following: deformation induced ferritic transformation, dynamic re-

crystallisation of austenite during hot deformation with subsequent γ → α transformation, hot rolling at inter-

critical interval of temperatures and dynamic re-crystallisation of ferrite after large hot deformation [3]. Further 

refining of grain size requires, however, application of extreme value of plastic deformation of material. During 

last two decennia many methods were developed that enable achievement of severe plastic deformation. 

Important place among them holds the equal channel angular pressing (ECAP) [4-6]. Principle of this method 

consists in severe deformation of massive samples realised by shear without change of cross section. The 

sample is pressed through a die, in which two channels intersect, forming an angle usually of 90°. Pressing is 

made either at room or at increased temperature. Equivalent deformation can achieve the value of 10 or even 

higher. The most critical for development of microstructure and resulting properties of samples is above all 

number of passes and selection of deformation route (manner of turning of the sample after each pass). It was 

established from the analysis of shear characteristics at various deformation routes that turning of the sample 
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by 90° was optimal. Many works, dealing with optimisation of the laboratory ECAP equipment, were published. 

Promising modifications for production of ultra fine-grained massive semi-products in industrial practice have 

appeared [3,4,6,7]. The ECAP method makes it possible to obtain the grain size of several hundreds of 

nanometres [8-11]. Materials with sub-micron size of sub-grains/grains (d = 0.1-1 µm) are usually classified 

as ultra fine-grained materials [3]. The ECAP method was so far unsuccessful at attempts of obtaining 

nanometric materials, i.e. materials with grain size under 0.1µm. Characterisation of the fraction of sub-grains 

formed by recovery and grains separated by high-angle boundaries, which are formed by re-crystallisation 

[11], is very important for understanding the mechanisms of materials structure evolution at application of 

methods of extreme plastic deformation. Definition of difference between sub-grains and grains is not rigid. 

The values of 10-15° [1, 2] are usually given as a critical misorientation angle. It is known that grains separated 

by high-angle boundaries have generally much more important influence on the level of mechanical properties 

than sub-grains divided by low-angle boundaries [2]. In the area of grain size under approx. 0.3µm the classical 

mechanism of plastic deformation by dislocation sliding is replaced by other mechanisms. The most important 
causes of this phenomenon comprise increasing surface of grain boundaries per unit of volume of material, 

decrease of dislocation density inside the grains with grain size under 0.1µm, and localisation of deformation 

into shear bands. Important problems connected with development of ultra fine-grained materials include in 

the first place lower level of plasticity, non-homogeneity of structure cross section of the pressed blanks and 

thermal stability of ultra fine-grained structure at higher temperatures [3]. 

Majority of the works published until now dealt with application of the ECAP method on pure metals, while 

much less attention was given to investigation of commercial steels [10]. Our article summarises the results 

obtained at investigation of severe plastic deformation by the ECAP method on strength characteristics and 

structure of a low-carbon steel. Detailed investigation of structure evolution was made not only with use of 

Transmission Electron Microscopy (TEM), but also by Scanning Electron Microscopy (SEM) in combination 

with Electron Backscattered Diffraction (EBSD) [12], which enables characterisation of misorientation angles 

of individual crystallites on the surface of metallographic sections. If the Field Emission Gun (FEG) is used, it 

is possible to obtain at present the spatial resolution of approx. 0.1µm. 

2. EXPERIMENTAL MATERIAL AND TECHNIQUE 

Investigation was made with use of a commercial low-carbon steel. Table 1 gives its chemical composition. 

Table 1 Chemical composition of the low carbon steel (weight % ) 

C Mn Si Cr Mo Ti B 

0.034 0.67 0.23 0.10 0.017 0.001 0.002 

The supplied material was in the state after free cooling from the rolling temperature. Cylindrical samples of 

dimensions φ12 x 60 mm were manufactured from this initial material. The angle between the channels of the 

used ECAP die was 105°.  This design made it possible to reduce deformation resistance and it ensured good 

filling of the die edges [13]. The samples were before the pressing re-heated in the furnace to the temperature 

of approx. 320°C, temperature of the ECAP die was approx. 290°C. Deformation route Bc was applied (turning 

of the sample after each pass by 90° in the same direction), moreover the front end of the sample was replaced 

by the rear end of the sample. This deformation route is considered generally as the quickest manner of 

achievement of homogenous structure formed by equiaxed grains [3]. The maximum number of realised 

passes through the ECAP die was 16.  

Samples for tensile test were prepared from individual deformed samples. This test was made at room 

temperature. For the purposes of structural analysis sections were made perpendicularly to the longitudinal 
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axis of the samples after 4 (equivalent deformation ε = 3.5) and 8 (ε = 7.1) passes through the ECAP die. Final 

polishing of the samples for the SEM analysis was made with use of colloidal solution of SiO2 with granularity 

0.05 µm. Crystal orientation maps (COM), study on misorientation angles of individual sub-grains/grains and 

statistic evaluation of grain size was made by the apparatus Sirion 200 FEG SEM equipped with the HKL 

Technology Channel 5 EBSD system. Thin foils for the TEM were prepared perpendicularly to the longitudinal 

axis of the samples from the approximately ¼ of the diameter of initial samples. The foils were prepared by 

electrolytic polishing in the solution containing 5% of HClO4 and 95% of CH3COOH at the room temperature 

and voltage of 60V. The TEM investigation was performed on the microscope JEOL JEM 2100 equipped with 

the PGT EDX analyser. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Microstructure and mechanical properties of steel in the initial state 

Results of the tensile test of the supplied material at the room temperature are given in the Table 2. 

Table 2 Results of tensile test of the low alloy steel 

Rp0.2 
(MPa) 

Rm 

(MPa) 

A 
(%) 

Z 
(%) 

281 355 31.5 72.5 

Microstructure of steel was formed by equiaxed grains of ferrite, which were discontinuously decorated by 
carbidic particles, see the Figure 1. Small islands of decomposed ferritic-carbidic component were present in 

a very small quantity at the boundaries of ferritic grains. Small precipitates were observed also inside ferritic 

grains. Average size of ferritic grains was approx. 35 µm. 

  

Figure 1 Microstructure of steel in the initial state Figure 2 Results of tensile tests of material deformed 

in the ECAP die 

3.2. Microstructure and mechanical properties of steel after application of ECAP 

Severe plastic deformation of the investigated steel in the ECAP die lead to significant enhancement of 
strength properties. Obtained results are shown in the Figure 2. The biggest increase in strength properties 

was found after the first two passes. Next passes resulted only in very gradual enhancement of strength 

parameters. After 16 passes even slight decrease of strength properties was already observed. 

Microstructure of steel after 4 ECAP passes was non-homogeneous, original ferritic grains were largely 
deformed. Deformed ferritic grains forming elongated bands are clearly visible in the Figure 3. Substructure 

was present inside ferritic grains, distribution of carbidic particles remained unchanged. Slip lines were 
observed in some ferritic grains, see the arrow in the Figure 4.    
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Figure 3 Microstructure of the sample after 4 ECAP 

passes 

Figure 4 Microstructure of the sample after 4 ECAP 

passes (detail see arrow in Figure 3) 

The TEM analysis proved that original equiaxed ferritic grains were replaced by stretched sub-grains/grains of 
variable size. Sub-grains/grains formed usually elongated parallel bands, see the Figure 5. Pronounced local 

differences of diffraction contrast indicated that misorientation angles between individual sub-grains/grains 

were highly variable. Density of dislocations inside individual stretched ferritic sub-grains/grains was usually 

comparatively high, or arrangement of dislocations into dislocation walls was observed. Small grains with well 

defined boundaries and low density of dislocations were observed locally. It can be therefore assumed that 

formation of fine-grained structure was influenced not only by mechanisms of fragmentation of deformed 

grains, but also by re-crystallisation processes.    

  

Figure 5 Substructure of the sample after 4 ECAP 

passes 

Figure 6 Substructure of the sample after 8 ECAP 

passes (heading sample) 

It was established at the TEM analysis of the sample after 8 ECAP passes, that increase of number of passes 

resulted in improvement of uniformity and fineness of grains of resulting structure. This is result of synergic 

effect of the applied temperature of pressing, total real deformation and latent heat generated by the severe 

plastic deformation. Diffraction contrast of some adjacent sub-grains/grains was very similar, while in other 

cases it was very different. This indicates that structure is formed by a mixture of sub-grains with very low 

misorientation angles and also grains separated by high-angle boundaries. Density of dislocations inside sub-
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grains/grains was mostly very low, boundaries of sub-grains/grains were well defined. Majority of sub-

grains/grains was equiaxed, however, in some areas significantly stretched sub-grains/grains were observed. 

Results of the TEM analysis confirm, that re-crystallisation processes influenced significantly formation of the 

ultrafine-grained ferritic structure. 

Size of some sub-grains/grains was smaller than 0.1µm, size of other ones was bigger than 0.5µm. Globular 

particles of carbides were present at boundaries of some ferritic grains. It can be assumed that these carbidic 

particles have a positive effect on stabilisation of ultrafine-grained ferritic structure against coarsening. Typical 
examples of sub-structure of the sample after 8 ECAP passes are shown in the Figures 6 - 8. 

  

Figure 7 Substructure of the sample after 8 ECAP 

passes (center point sample) 

Figure 8 Substructure of the sample after 8 ECAP 

passes (rear sample) 

Understanding of mechanism of formation of ferritic grains in deformed samples, as well as objective 

assessment of the size of grains with high-angle boundaries, requires information about misorientation angles 

of individual sub-grains/grains. Ideal experimental technique for obtaining these data is at present the FEG 

SEM in combination with the EBSD [13]. This technique enables determination of crystallographic orientation 

(Miller indices of the direction perpendicular to the sample surface) at any place on the sample surface on the 

basis of the Kikuchi lines, formed by diffraction of originally non-coherently scattered electrons right below the 

surface of heavily inclined sample. Mapping of crystallographic orientation of the sample surface can be done 

with a minimum step of 0.1µm.  

EBSD results obtained on the sample after 8 ECAP passes were processed in the form of crystal orientation 

maps (COM), where the areas of various orientation on the sample surface are discriminated by different 

colouring. The obtained results were further processed by computer as follows: 

• in the areas, where the misorientation angle of adjacent pixels was greater than 2°, the boundaries were 

plotted. In this manner boundaries of sub-grains were visualised, as well as boundaries of grains 

separated by high-angle boundaries. 

• in order to differentiate between the sub-grains and grains the boundaries of grains were plotted only in 

the areas, where misorientation of adjacent pixels exceeded 10°.   

• grain boundaries were plotted in the areas, where misorientation of adjacent pixels exceeded 20°. 
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Map of crystal orientations (COM), shown in the Figure 9, documents a large quantity of differently oriented 

sub-grains/grains in the investigated area. The Figure 10 shows the boundaries generated in the areas, where 

the misorientation angle between the adjacent pixels was at least 2°. If we define sub-grains as areas with the 

maximum misorientation angle of 10°, it is possible to discern the sub-grains from the grains with high-angle 
boundaries by comparing the Figures 10 and 11. It was found that in some cases the misorientation angle of 

part of perimeter of one grain corresponded to a sub-grain, and the rest of the perimeter was a boundary with 
high-angle misorientation. The Figure 12 documents a distribution of grains in the investigated area with the 

misorientation angles exceeding 20°. 

  

Figure 9 Crystal orientation map, sample after 

passes 8 ECAP 

Figure 10 Boundaries of sub-grains/grains with 

sample after misorientation angles greater than 2º,  

8 ECAP passes 

  

Figure 11 Boundaries of grains with misorientation 

greater than 10º, sample after 8 ECAP passes 

Figure12 Boundaries of grains with misorientation 

angles greater than 20º, sample after 8 ECAP 

passes 

Results of statistic processing of misorientation angles of sub-grains and grains in the sample after 8 ECAP 
passes are shown in the Figure 13. It is obvious that sub-grains with the misorientation angle under 10° formed 

only approx. 15% of all ferritic grains. This confirms the fact that majority of ferritic grains was formed by the 

mechanism of re-crystallisation. No preferential occurrence of special boundaries was observed in the area of 

high-angle boundaries, such as e.g. twin boundaries. The biggest share of sub-grains corresponded to the 

misorientation angles up to 4°.  
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In conformity with data from literature it can be presumed that influence of sub-grains on the level of mechanical 

properties of investigated steel is lower than in case of the grains separated by high-angle boundaries [2]. 
Important in this connection is the fact that majority of ultra fine-grained ferritic grains in the structure was 

separated by high-angle boundaries. 

Histogram of size distribution (equivalent diameter) of the grains with high-angle boundaries is shown in the 

Figure 14. After 8 ECAP passes approximately 25% of all grains was in the lowest size class (0.1 - 0.15µm). 

On the other hand size of some ferritic grains was bigger than 1µm. It is obvious from results of the TEM 

analysis, that many grains were smaller than the smallest usable step at the EBSD analysis (0.1µm). Average 

equivalent diameter of grains with the misorientation angle greater than 10° was 0.32 ± 0.20µm. This is only a 

roughly result, since grains with the size smaller than 0.1 µm could not be included into this analysis.  

 
 

Figure 13 Distribution of misorientation angles of 

sub-grain and grain boundaries, sample after 8 

ECAP passes 

Figure 14 Size distribution of grains with high-angle 

boundaries, sample after 8 ECAP passes 

4. CONCLUSIONS 

The results obtained at the analysis of influence of severe plastic deformation by the ECAP method on structure 

and properties of the low-carbon steel can be summarised as follows: 

• Deformation of investigated steel by the ECAP method at the temperature of approx. 290°C lead to 
important improvement of strength properties. The biggest increase in strength was found after the first 

two passes through the ECAP die. 

• Deformation occurred during 8 ECAP passes lead to formation of ultra fine-grained ferritic structure with 
a small fraction of globular carbidic particles, which were usually present at the boundaries of ferritic 

grains. Density of dislocations inside ferritic grains was very low. Majority of ferritic grains was formed 

by the mechanism of re-crystallisation of deformed metallic matrix. 

• Sub-grains with an angle of misorientation under 10° formed after 8 ECAP passes only approximately 

15% of all ferritic grains. 

• Average size of ferritic grains with high-angle boundaries after 8 ECAP passes was 0.32 ± 0.20µm. 

However, the analysis could not include the grains, the size of which was smaller than 0.1µm. In 

comparison with the as received state the grain size was refined by two orders.  
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Abstract 

The sheet metal pressing structures produced by hydromechanical forming of nickel superalloys were 

analyzed to determine effect of plastic deformation on the structure and mechanical properties of finished 

products. The Inconel 625 nickel-alloy sheet metal was extruded with liquid in the form of cones. The 

drawpieces were mechanically divided by cutting into main cross sections. An analysis of local deformation 

distributions, structure deformation level and distribution of alloy components on these sections were 

evaluated. It has been shown that the plastic deformation carried out by liquid forming (hydroforming) or by a 

liquid through an elastomeric membrane preserves the original structure and properties of the sheet metal 

input level, only with the effect of work hardening of tested alloys. 

Keywords: Inconel 625, nickel superalloy, hydromechanical forming, structure deformation, drawability 

1. INTRODUCTION 

The requirements for pressed products in the aerospace and automotive industries are significant. Structures 

of such shells type have more and more complex shapes, which results from the aerodynamic needs of shape, 

structural strength and reduction of the mass of the structure [1]. Designing the production ofsuch type 

elements is supported by computer modeling and numerical simulations. As a result, it became possible to 

use advanced and complex manufacturing technologies, such as hydromechanical forming [2, 3] and pressing 

at elevated temperature to obtain extrusions responsible for the safety of users. Not economic aspects but 

mainly application requirements of this type of products have become the determining factor in the choice of 

technology for their production. To define the supply of technological plasticity, which has a sheet blank, it 

becomes important to recognize the degree of deformation or percent of true strain during and after forming 

the final product. This work presents the effect of plastic deformation influence on the structure and mechanical 

properties of finished products. The research concerned a heat-resistant and creep-resistant material - an 

Inconel nickel super alloy. 

2. HYDROMECHANICAL FORMING 

2.1. Manufacturing process 

Looking for modern waste-free, energy-efficient manufacturing techniques, hydroforming has the potential 

worth to use for the production of high quality stamped elements. Cold forming using conventional dies of light 

alloys thin sheets brings many problems, because of their limited drawability, susceptibility adhesion to the 

tools, high resistance or other their properties. Hydroforming is manufacturing techniques which can be now 

designing and control using computer aid techniques and numerical simulation [2, 3]. In this regard, the 

manufacturing process using hydromechanical forming elastomer membranes and working liquid - oil was 

analyzed. This technology is characterized by a favorable, spatial mechanical condition occurring during the 

deformation of the charge materials and limiting the influence of friction on the contact conditions of the charge 

with the tools. Pressing tests were carried out in industrial conditions courtesy of Pratt & Whitney WSK PZL-

Rzeszów in Poland. An axial-symmetric drawpiece was chosen - a cone that acts as a cover in the jet engine 
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chamber. The press machine and diagrams of the analyzed hydromechanical forming of cone methods are 
shown in Figure 1. 

a) b) c) 

 

Die method 

 

 

 

Punch method 

 

Figure 1 Hydromechanical froming process: a) press machine at Pratt & Whitney WSK PZL-Rzeszów, b) 

types of forming cone methods [own study]; c) diagram of tool set during hydroforming process [3] 

2.2. Charge material and finished product 

The light alloys representing by selected nickel, aluminum and magnesium alloys are mainly used in aviation 

and automotive on special functionality elements [4, 5]. For this reason, Inconel 625 nickel superalloy was 

chosen. From thin sheets of Inconel 625 nickel superalloy cone drawpieces were hydroformed. Forming 

process carried out in industrial conditions. The drawpieces were mechanically divided into main cross-
sections (Figure 2b).  

a) b) c) d) 

    

Figure 2 Inconel 625 alloy photographs: a) the charge for cone stamping - undeformed sample; b) cone 

drawpiece with signed line of cross-section cutting - deformed sample; c) cut sample; d) included sample for 

microstructure analysis 

The distributions of local strains, levels of deformation and distribution of alloy components on these surfaces 

of cone and cross-sections were analyzed. Quantitative analysis of plastic flow characteristics of the Inconel 

625 sheet metals 0.45 mm thick in this process was made using a portable measurement system AutoGrid. 
The charges for cones were 215 mm dimension discs with 2 mm square mesh subdivision (Figure 2a). For 
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the analysis of the structure of the incoming sheet blank and the drawpiece after deformation, the samples 
from the charge and the drawpieces were cut in the selected areas in Figure 2a and 2b. The photograph of 

the taken sample is shown in Figure 2c and the samples that were included for the microstructure study - in 

Figure 2d. 

3. ANALYSIS OF LOCAL STRAIN DISTRIBUTION ON CONE DRAWPIECE 

Cone drawpieces were made using machin, tools and metod schowed at Figure 1. While numerical 

simulations of this manufacturing process were done using Eta /DYNAFORM software commercial version 

5.9. The procedures of forming limit curve of Inconel 625 alloy preparation and obtaining material model 

characteristic describe in earliest work [6, 7]. The comparison of simulated and measured values of local strain 
distribution is given in Table 1. In addition, the corresponding measurements and simulations of the main strain 

values distributions for the cone drawpiece are shown in the Figure 3 nad Figure 4. 

Table 1 Local strain distribution simulated and measured on industrial cone drawpiece [own study] 

Part of Drawpiece 

Major strain 

(-) 

Minor strain  

(-) 

Simulation Mesurement Simulation Measurement 

Pressing in the bottom 1.120  0.470 - - 

Bottom 0.255  0.380 0.253 0.248 

Side 0.178 -0.033 0.430-0.360 0.168 -0.061 0.190-0.071 

Transition to the flange - - 0.08 0.03 

Verification of the simulation was carried out, and the results of the comparison of local deformations of the 

measured and simulated strains with respect to the forming limit curve were presented in publications [6, 7]. 

Thanks to this comparison, the most effective method of creating the selected cone extrusion was selected - 

the stamp method. The product made with this method was subjected to analysis of chemical composition and 

microstructure. 

a) b) 

Figure 3 Hydromechanical forming process: a) simulation result; b) measurement of local minor strain 

distribution result on cone drawpiece 
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a) b) 

 
 

Figure 4 Hydromechanical forming process: a) simulation result; b) measurement of local major strain 

distribution result on cone drawpiece 

4. ANALYSIS OF CHEMICAL COMPOSITION  

The X-ray diffraction was used ty study the structure and chemical composition of Inconel alloy. Two types of 
samples were tested: undeformed sample (it came from charge sheet blank as show Figure 2a) and deformed 

sample (it came from cone as shown Figure 2b and has about 40% strain). The comparison of the resulting 

diffraction patterns was completed in Figure 5. 

 

Figure 5 Comparison of the resulting diffraction patterns of undeformed and deformed (40% strain) samples 

of Inconel 625 alloy 

Presented on Figure 5 results were obtain at University of Silesia in Katowice, August Chełkowski Institute of 

Physics using Empyrean, Malvern Panalytical set of multipurpose diffractometer. Empyrean has the unique 

ability to measure all sample types - from powders to thin films, from nanomaterials to solid objects - on a 

single instrument. 
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5. ANALYSIS OF MICROSTRUCTURE 

Metallographic examinations were carried out using the OLYMPUS GX51 metallographic light microscope with 

a computerized digital documentation stand based on the DD-12 camera supported by the AnalySIS image 

analysis program. The structure was observed using bright field techniques at 100x magnification. Comparison 

of metallographic longitudinal cross-section microstructure of undeformed and deformed (40 % strain) sample 
of Inconel 625 alloy shows Figure 6. 

a) 

      

b) 

      

Figure 6 Microstructure of metallographic longitudinal cross-section of a) undeformed sample; b) deformed 

(40% strain) sample of Inconel 625 alloy 

6. CONCLUSIONS 

It has been shown that plastic deformation executed by method of liquid forming or hydroforming through 

elastomeric membranes allows preserving the original structure of Inconel 625 alloy sheet blank. Its change is 

not observed at the 100X magnification level.  

After deformation, no new phase appears and the proportion of phases with crystallographic directions (132), 

(220) and (060) increases. This happens at the expense of reducing the share of the remaining phases that 
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are recorded on the sample from undeformed sheet metal. Images of the alloy structure before and after 

deformation do not allow showing the influence of deformation. 

The distributions of local deformations were analyzed and the maximal level of deformation value was 

determined at 40% strain. The distributions of local strain simulated and measured using strain analyzer 
AutoGrid are comparable only qualitatively. Quantitative differences are shown in the Table 1.  
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Abstract 

Numerical simulations are used for process planning of various manufacturing technologies and methods. 

These simulations are also used in the automotive industry, where currently sharp edges and geometries of 

small dimensions are used on various car-body parts to fulfil a design function or a function of a specific 

character. This article deals with the problematics and evaluation of simulations of forming small, sharp 

geometries and the application and verification of one of the basic laws of plastic deformation - the law of 

similarity in AutoForm software, which is often used for the planning of car-body parts manufacturing. 

Keywords: Numerical simulation, stamping, law of similarity, AutoForm 

1. INTRODUCTION 

During processing of sheet metal in mass production which is typical for car-body parts manufacturing, 

simulation softwares are increasingly used. Using of softwares causes that the times required for the 

construction of complex tools are considerably shortened, and based on individual simulation results, the 

production process can be easily evaluated and optimized during production preparation. In practice, however, 

various local problems are located and it requires the tuning of existing simulation softwares. This article deals 

with simulation of special grooving forming in AutoForm simulation software. This grooving geometry and its 

dimensions represent a group of geometries in which it is difficult to determine if whether the forming process 

is done correctly without the risk of any defect in terms of material properties. AutoForm software is mainly 

used for numerical simulations of car-body parts that are characterized by their larger dimensions and specific 

surface geometry. However, the trend of recent times shows that the car-body design is more popular with use 

of sharp edges and design edges that are difficult to produce with regard to the material which is used, while 

retaining the desired properties of car-body part [1-3]. The task of this article is an evaluation how AutoForm 

software is able to evaluate the process of forming of a grooving profile which can be considered as a 

representative for such a group of geometries which are difficult to produce. 

2. EXPERIMENTAL SIMULATION OF GROOVING PROFILE STAMPING 

To verify the simulation of AutoForm software, a special grooving profile is selected, which is formed on a 
metal sheet. In real conditions the grooving profile (Figure 1) is used as one of the fixation elements for 

hemmed joints of car-body panel parts. The methods of fixation of the hemmed joints are used primarily during 

car-body production to ensure the dimensional stability of the joining parts so that the individual parts which 
form the hemmed joint do not move relatively to each other (Figure 2).  

Various methods are used for fixation of hemmed joints of sheet metal car body parts, such as side doors, 

front bonnet, and trunk lid car. Each of the different method has its specific advantages and disadvantages, 
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there are also differences in the applicability of the various methods, depending on the size, complexity and 

quality of the particular component[1,4-7].  

One of possible solution to prevent movement of the inner metal sheet against the outer metal sheet in both 
directions can be created on the basis of a mechanical lock (Figure 2). By using a special tools, there are 

formed special elements around the whole circumference of the component on the inner and outer metal plate 

which after hemming stage create the mechanical lock. Experiment deals with stamping simulation of one of 

those fixation elements [1]. 

                                                     
Figure 1 Grooving profile inside of hemmed joint [4]         Figure 2 Possible movement of the inner sheet [1] 

In the Figure 3 is shown a cross-sectional view with such grooving profile, along with the geometry of the 

tooling [1,4]. 

 
Figure 3 Grooving profile with tools in cross-sectional view 

Based on the proposed design of grooving profile, it is necessary to verify the manufacturability and feasibility 

of grooving using numerical simulation, thus specifying the applicability of the current simulation software. For 

this experiment the basic conditions for simulation such as material, simulation system and scaling of CAD 

input are chosen: 

Material - DX54D + Z, t = 0.65 mm 

FE system AutoForm R6 

Scaling of used CAD data: 1:1 

The following results of numerical simulations were obtained using the simulation software AutoForm R6. 

2.1. Output of numerical simulation of forming grooves 

On the basis of the first simulation, where tools with original dimensions have been used, it is clear that the 

software Autoform R6 has difficulties in accurate calculation of numerical simulation. According to the 
Figure 4a) and Figure 4b), it is clear that quality of output is not optimal and therefore in this case can be 

concluded that the continuation of the simulations with the original dimensions will not reveal required results. 

If the current simulation result would be considered as final result it would lead to conclusion that it is not 

possible to produce this grooving profile by stamping process due to defects which are detected in Forming 
Limit Diagram (FLD) - see Figure 4c). In case that the results would be relevant, it would lead to use this 

solution in practice. 

Grooving profile 
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Figure 4 Output from numerical simulation of grooves with original dimensions 

How it was mentioned in the Introduction, AutoForm software is mainly used for simulation in the automotive 

industry, for the production of car-body parts. The sharp geometry and small size of tool for groove stamping 

are too demanding for the software. Therefore, it must be chosen another method for designing the 

methodology for numerical simulation of grooving stamping to get relevant results. Possible solution for the 

trouble mentioned above can be applying one of the fundamental laws of plastic deformation, namely "Law Of 

Similarity".  

3. LAW OF SIMILARITY AND ITS APPLICATION FOR SIMULATION 

During plastic deformation of two parts, which comply with the geometric, mechanical and physical similarity, 

the following applies: ratio of deformation work is equal to the cube of the ratio of the linear dimensions, ratio 

of deformation forces is equal to the square of the ratio of the linear dimensions, deformation resistance is the 

same [5]. 

3.1. Mathematical expression of law 

bç
b�

� �ç��
�  ©)               (1) 

where: 
Ai - deformation work for first/second part (J) 

Vi - volume of first/second part (mm3) 

a - linear dimensions of part  [5]                                                                                                                                                                                             
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where:   

Fi - deformation force for first/second part (N) 

Si - surface area of first/second part (mm2) [5]   
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3.2. Geometric similarity 

Volume ratio is equal to the cube of linear dimensions ratios:  

�ç��
� �ç

��
∙ õç

õ�
∙ ~ç

~�
� © ∙ © ∙ © � ©)              (3) 

where:   

Vi - volume of first/second part (mm3) 

hi - height of first/second part (mm) 

bi - width of first/second part (mm) 

li - length of first/second part (mm) [5]   

Surface areas ratio is equal to the square of linear dimensions ratio: 
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∙ õç
õ�

� © ∙ © � ©&               (4) 

3.3. Mechanical similarity 

Stability of ratio of adequate forces to the square dimensions and equality of deformation resistance. 

The same size of the coefficient of friction on the contact surfaces. 

Same size and directions of main axes of stress in the specific points of compared solids [5]. 

3.4. Physical similarity 

Same chemical composition, structure and phase condition of compared bodies. 

Same strain rate. 

Same temperature during deformation. 

Similarly distribution of stress in comparison parts [5]. 

3.5. Law of similarity application 

For the application of the Law of similarity, it is necessary to follow all requirements mentioned in definition of 

the law. In this case of grooving profile stamping same conditions are used to keep the Mechanical and 

Physical similarity. For Geometrical similarity it is necessary to modify the input parameters of the numerical 

simulation, in this case, the tool dimensions are increased in compare to the original dimensions in ratio of 

10:1. For this experiment the basic conditions for simulation such as material, simulation system and scaling 

of CAD input are chosen: 

Material - DX54D + Z, t = 6.5 mm 

FE System AutoForm R6 

Scaling of used CAD data: 10:1 

The conditions for simulation which are used for application of the Law of similarity are the same except for 

scaling of CAD input. Used CAD data and its dimensions are 10 times bigger than original data. 

The results from FEM simulation show that it is possible to use definiton of the law in experimental practise. 
After comparing the result of simulation (see Figure 5a) and Figure 5b)), where was used the ratio of 

dimensions 10:1 to original dimensions, with the real experimental sample (see Figure 6) is obvious that the 

results from FEM simulation are correct. The correct results mean unbroken output from simulation with 
smooth shape of grooving without material failure. In the FLD diagram (Figure 5c)) the excess thinning is 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

382 

located, however on the real experimental sample the excess thinning is not located and the result is 

acceptable. 

 
Figure 5 Simulation output after application the Law of similarity 

 

Figure 6 Experimental sample of grooving 

4. CONCLUSION 

From the obtained results it follows that for a complete simulation of hemming with mechanical fixation, can 

be applied the Law of Similarity. Figures below show comparison of FLD diagrams. The FLD diagram on the 
in Figure 4c) represents the course of the stamping of the grooving profile of the original dimensions, while 

the diagram in Figure 5c) shows the course of grooving profile stamping after application of the law of 

similarity, where the original tool and blank dimensions are increased by a ratio of 10:1. On the first 

examination, it is clear that, according to the first diagram, the stamping can not be made without defects of 

material, while the second diagram shows the smooth process of stamping these grooving profile. On closer 

examination, it is obvious that the trends of both diagrams are the same. This fact is based on the confirmation 

of the theory of application of the law of similarity, in which the simulation software, despite the precise setting, 

can not give the results for the first simulation, i.e. before applying the law of similarity. The simulation of the 

original size of grooves had been calculated without any problems, however, in practice, this solution is 

unacceptable due to material failure. The simulation software used is primarily designed for large parts, and 

this experiment had been found to be unable to characterize the material behavior in detail during the stamping 

process of small and sharp dimensions. 

It follows from the above conclusions that when solving the problems of stamping and drawing of sharp and 

small geometries, it is always appropriate to perform a simulation of the corresponding process not only for a 

designed process that only calculates the original dimensions but it is advisable to check the process by 

simulation just after application of the law of similarity and then compare both results. If both the FLD diagram 

trends match and at least one of the simulations finish with acceptable results, that is, without failure of the 

material, it can be said that the geometry is manufacturable.  
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Abstract   

The article deals with the matter of development of a prototype of fatigue test bench for fork type forging, with 

particular emphasis on the measurement-archiving application that allows to determine magnitude of moment 

of force and rotation angle in time. These forgings are used for steering columns and are a critical element of 

car safety. Due to the nature of the variability of loads applied to the element, its high fatigue strength is crucial, 

both in low and high-frequency cycles. For this reason, they require special quality control during production 

process, development of advanced manufacturing techniques and ensuring their repeatability. Unfortunately, 

in the case of matrix forges, no strength tests are carried out for these forgings, which means that after heat 

treatment, they may have different mechanical properties. The construction of the workstation is intended to 

enable conducting of fatigue strength tests. For its operation web application, was developed in Python (with 

the use of Flask library and SQLite database), which enables control, collection and analysis of data obtained 

during the process. Thanks to this, it is possible to execute set number of fatigue cycles, measuring the 

inflection angle and torque, and detecting cracking of the tested material. Further development of the station 

is planned in the future, in order to analyze the impact of the applied heat treatment on fatigue strength, creating 

added value for the end customer. 

Keywords: Durability of yoke type forgings, development of a prototype fatigue bench 

1. INTRODUCTION 

Currently, hot stamping is performed with many components that are often used as parts of machines with 

increased load capacity. Such elements are used widely in the agricultural, mining and automotive industries, 

among others in such components as the steering or drive system of the vehicle, from which, besides high 

mechanical and quality properties, high fatigue strength is often required [1-3]. In example, yoke type forgings 

after appropriate heat and mechanical treatment are used, among others, in steering columns, where they are 

a critical element of car safety [4]. Due to the nature of the variability of loads to which such an element is 

subjected, its high fatigue strength is very important, also low-cycled, because with too large twisting angles, 

plastic deformations may appear [5-7]. For this reason, they require special supervision during the forging 

process as well as conducting many tests and validation tests after the manufacturing process, in order to 

ensure repeatability of the production process and meet specific customer requirements (e.g. hardness, 

microstructure, etc.). For that reason forgings are subjected to thermal treatment - normalizing, in order to 

obtain a suitable homogeneous microstructure, ensuring assumed high mechanical properties. Unfortunately, 

due to their complex geometry, after such a heat treatment for a whole batch of forgings, they may have a 

slightly different structure. It causes also changing the mechanical properties, and thus different fatigue 

durability. Therefore, it seems reasonable to carry out additional comparative tests regarding the determination 

of fatigue strength, taking into account, for example, the influence of the applied heat treatment on the number 

of cycles to failure or the occurrence of plastic deformation. Such tests in the case of forgings with complex 

geometry require an individual approach and construction of a test bench for a specific assortment [8]. Such 

stations are often equipped with a number of measuring sensors like: force, displacement, bending moment, 

twisting or deformation angle. The most frequently used ones include encoders, extensometers, strain gauges 

or also torque sensors [9]. Machines for strength tests should also be characterized by a modular structure, 
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enabling their modernization and expansion, and have appropriate software to ensure control, size 

measurement and archiving of the results. The results obtained thanks to such stations, may also constitute 

an added value for the end user, because they may constitute an additional argument in the case of vehicle 

safety. 

The purpose of the work is to present a prototype design for a fatigue test (high and low cycled) for yoke type 

forgings, with particular emphasis on a user-friendly application allowing to determine the course (torque and 

rotation angle) and archiving obtained results. 

2. DESCRIPTION OF THE ANALYZED PROCESS 

The forged element is performed on the Massey press with the nominal pressing force of 13 MN, with the 
crank angle of 127 mm, crank length of 610 mm and press frequency of 90 strokes per minute (Figure 1). 

 

Figure 1 View of the forging process 

Figure 2 presents example of yoke type forging and element, which is a part of the steering gear of a 

passenger car. 

 
Figure 2 a) yoke type forging with flash, b) ready to use part after mechanical processing 

This forging is made of C45 steel. Forging’s weight is 0.32 kg. The batch material is heated to 1120°C -1150°C 

and then subjected to 3 hot forging operations. In the first operation of forging, the batch material is swaged 

and then flattened. Further forging operations shape the material into final product. After these activities, the 

cooled element is trimmed - the flash is separated from the usable part. In the last production stage, the 

element is subjected to controlled cooling and finishing. 
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3. DEVELOPMENT OF A PROTOTYPE FATIGUE BENCH 

In order to carry out fatigue tests of the yoke, the stand was designed and created. Figure 3a shows the draft 
of the workstation and Figure 3b presents the final product. Tested element is fixed to the base of the station 
on one end, the other end is attached to a driven lever which imparts a set load on the forgings, bending them. 
The movement of the lever is carried out by rotating cam. Cam's height defines the maximum bend angle of 
the forging. The whole mechanism is powered by an electric motor with 3kW of power and a rotational speed 
of 1500 min-1, through a bevel gear transmission with 24:1 ratio. Use of inverter allows for smooth change of 
motor's speed. In order to measure the bend angle of the tested forging, an encoder was installed on the axis 
of rotation of the element. Additionally, a torque sensor was placed on the main drive shaft. The measuring 
station is controlled via a desktop computer. In the initial testing phase, a simple application in LabView 
environment was created to record data from the angle and torque sensors.  

 

Figure 3a) Diagram of the most important components of the bench, b) The built station for testing durability 

of the forgings 

Conducted tests and analyzes using numerical modeling allowed to determine the magnitude of the torque 
causing deformation of the element. Figure 4 presents the results of computer simulations for forgings 

concerning the determination of the torque magnitude on the occurrence of plastic deformation, using the Marc 

Mentat software. On this basis, a research methodology was proposed for the bench, a comparative method 

for various yoke type forgings and variants of the heat treatment. It was decided to conduct two types of 

durability tests: low-cycled (causing permanent deformation after a few cycles) and long-cycled (resulting in 

the destruction of the element after several tens of thousands of cycles). 

 

Figure 4 Stresses and deformations at a) long-cycled tests - 0.5° b) low-cycled tests - 1° 
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Figure 5 presents the torque values in time obtained from the torque sensor at the station for various variants 
of fatigue tests made via first version of the software. 

 
Figure 5 Diagram of the torque course versus time for forgings a) in low-cycled tests (maximum torque M = 

768 Nm recorded), b) in long-cycled tests (maximum torque M = 432 Nm recorded) 

In the presented case (Figure 5a) it was observed that for the forging subjected to low-cycled tests, the forks 

was clearly deformed (maximum torque 768 Nm recorded after 1 cycle), while for the forgings after the same 
heat treatment option, subjected to the long-cycled (Figure 5b) test a crack in the fork was observed, at 451342 

cycles (the maximum torque M = 432 Nm was recorded). For the presented case, after a given heat treatment, 

the sorbitol structure shown in Figure 6a was obtained. However, for a different variant of heat treatment, a 

sorbitol structure with ferrite separation was obtained (Figure 6b) 

 
Figure 6 a) Sorbitic microstructure + ferrite separation + small perlite precipitations obtained for the forging 

after heat treatment; b) Sorbitic microstructure + ferrite separation 

The preliminary tests of the bench showed that it is necessary to reconstruct the application and the control 

system due to the low flexibility of service and low immunity to external interference. 

4. SOFTWARE DEVELOPMENT 

The next step in development of the bench was to modernize the control system and create new software that 

allows full control, acquisition and archiving of collected measurements. For the processing of data from analog 

sensors (angle sensor - 0 - 10 V and torque sensor - 0 - 20 mA), the measuring analog inputs of the inverter 

were used. This solution is possible due to the high 16-bit resolution of the analog-to-digital converter used in 

the measuring system of the inverter with a sampling frequency of 2 MSPS. Both sensors used have a 12-bit 
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resolution. Thanks to this configuration it is possible to meet the requirements set for the measuring system, 
without the need for expensive measuring cards. Figure 7 presents the construction of the measuring system 

of the analog inputs inside the inverter.  

 

Figure 7 Internal structure of the measuring system inside the inverter 

The inverter has been configured to convert analog data into to digital format. Then the all data, along with the 

parameters of the inverter, are exchanged with the application running on the computer. Data transmission on 

the computer-inverter line takes place via the RS-485 bus with the Modbus RTU protocol. This solution ensures 

operational reliability and fast data transfer without interference.  

Due to the long duration of a single test, up to several days, it was decided to create a web application that will 

allow remote access from any device with a web browser. The program was developed in Python language 

using the Flask library. After logging in, users can start a new measurement session or load previously created 

data for analysis or completion of the measurements. When creating a new project, it is possible to enter the 

name of the test and its optional description for easier identification later. 

After creating a new project or loading an existing session, the user can start the process by pressing the 
"play" button or stopping the active test with the "stop" button, both located in the top menu (Figure 8a). The 

data is recorded on an ongoing basis into the SQLite database on the computer. At any time, user can export 

the collected data for further analysis to the XLS file, by clicking the button located in the top menu. Before 

starting the test, it is possible to set motor speed using the arrows located next to the value of speed in the 
process data window. Speed can be set from 100 to 1500 min-1 (Figure 8b). 

 

Figure 8a) Top menu buttons, b) Settings of motor speed 

The chart presents the current course of the inflection angle of the tested forging as a function of time. This 
graph is generated by using the Highcharts library (Figure 9). 

The process data window contains information about the current speed, the number of executed cycles and 

the maximum recorded angle of inclination. In case of an event such as tested element breaking or failure of 

the measurement system, a message will appears in the alert window. In addition, an e-mail message is sent 

to the user. Destruction of the tested element is detected if the value of torque decreases below set minimum 

or inflection angle exceeds the limit. After the event occurs, the process is immediately stopped, allowing for 

the user to register exact number of cycles. Data transmission between the application and the inverter is 

carried out using the Modbus RTU protocol. On the application side, the pyModbus library was used for this 

purpose. The measurement data are exchanged at a frequency of 1 kHz. Due to the high frequency of queries 

sent, it was necessary to set a higher transmission speed. It was set at 115 200 kbps. 
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Figure 9 Main window of the developed application 

5. CONCLUSION 

The paper presents a prototype station for fatigue testing of yoke type forgings, including the development of 

a measurement-archiving application developed in Python using the Flask library. The built-in bench allows for 

two types of tests depending on the twisting angle determined on the basis of FEM: low-cycled tests (for 1º 

angle) and long-cycled (0.5º angle), which can be obtained by using different cams. The developed control 

has been significantly simplified by eliminating the expensive measurement card, because the inverter's 

measuring system provides sufficient parameters for reading the measurements obtained from the sensors. 

Further development of the software will be directed to the use of other data received directly from the inverter, 

such as the current engine power or torque to compare the values with the sensor readings. The presented 

examples of research results show what a significant influence on the structure, responsible for the properties 

and shape of the forgings is the type of heat treatment carried out. Currently, further evaluation work is 

underway related to the proposed research methodology. The research results undoubtedly add value to the 

product and tighten cooperation with current and future recipients. 
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Abstract  

Cutting is one of the most frequently carried out metal forming processes. One of the basic parameters of this 

process is the clearance value. The clearance is the difference between dimensions of the punch and the die, 

usually related to sheet thickness. The amount of clearance affects on geometry and quality of the material cut 

surface. The cut surface can be divided into the area of rollover, burnish, fracture and burr. Of these areas, 

only rollover and burr is visible on the sheet surface. In this paper, the authors proposed a method allowing to 

determine the clearance based on the rollover area measurement. By means of the camera and experimental 

lighting, it was possible to measure the size of the rollover area without making sheet cross-sections. Proposed 

vision system allows fast measurements of the rollover area and determines the associated clearance. The 

experimental measurements were carried out on a deep drawing steel DC04 with a thickness of 1 mm and 2 

mm.  

Keywords: Cutting process, clearance, rollover area, vision system 

1. INTRODUCTION 

Cutting is one of the sheet metal forming processes. It allows to obtain a flat products of various shapes and 

holes with any dimensions and locations. Cutting could be carried out by means of different type of press 

equipped with tools in the form of punch and cutting plate with sharp cutting edges. Clearance is one of the 

basic parameters of cutting process. It is the difference between the radius of the hole in the cutting plate and 

the radius of the punch, usually referenced to the sheet thickness. Clearance affects on the quality of the 
cutting surface and sheet geometry in the cutting area [1,2] (Figure 1) and it increase with the wear of tools 

during cutting operations [3,4]. Usually, when the clearance increase, the quality of the cutting surface drop 

and the rollover area at the edge of the product increase. Depending on the product designation, the stricted 

clearance determination may be important. 

 

Figure 1 Areas in the cutting surface a), cutting surface for small clearance b) and for large clearance c) 

As previously mentioned, the correlation between the cutting surface parameters and the clearance can be 

determined. These parameters can be obtained by means of microscopic measurements of the cut out hole. 

Unfortunately, microscopic examinations are time consuming. The authors have proposed a method, which 

allows to evaluate clearance based on the rollover width. Rollover area increase with the clearance [5,6] 
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therefore, it is possible to estimate the clearance based on the rollover width Wr  measurements, which is the 

half of the difference between the external rollover area diameter dr and the inner diameter of the hole di 

(Figure 2). These dimensions are measured in the sheet plane, and there's no need to perform cross-sections 

through the hole, so it can be conducted on finished products. High speed measurements were obtained using 

the vision system described in the next chapter. 

 

Figure 2 Rollover width measurement 

2. EXPERIMENTAL SETUP 

Specially prepared vision system [7] was used for rollover width measurements (Figure 3a). It is composed of 

camera with telecentric lens (1), an axial collimated illumination (2), backlight illumination (3) and PC (4) for 

analyzing the images of the sample (5). Backlight allows to highlight shape of the hole and thus measure its 

internal diameter. Additional collimated axial lighting was used to illuminate the object from the rollover side. 

This type of light highlights any irregularities in the surface of a flat sheet, which allows to extract the rollover 

area. Simultaneous use of both types of illuminations resulted in images of black rings corresponding to the 
rollover area (Figure 3b).  

 

Figure 3 Experimental setup a) and holes with different rollover widths registered by the vision system b) 
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The rollover width Wr measurement was based on the black rings analysis by means of the software developed 

in the LabView environment. The analysis begins with detecting the center of the hole visible as a white area 

limited by a black ring. In the next step, edge searching was performed radially from the center of the hole. 

Two types of edges were detected, the first one which is the edge of the hole and the second representing the 
outer edge of the rollover area. The width of the ring Wr was calculated as a distance between these two 

edges. This method works very well for perfectly flat sheets. When the illuminated surface is not perfectly flat, 

or non-perpendicular to the optical axis of the vision system, the contrast between the rollover area and the 

flat surface of the sample is reduced. This may be the reason of wrong edge detection. In order to increase 
the local contrast of the rollover area, the recorded images were pre-processed (Figure 4). The pre-processed 

image was subjected to the edge detection algorithm. Obtained rollover edge detection resolution was  

0.02 mm. 

 
Figure 4 Image preprocessing 

3. RESULTS 

The measurements were carried out on a deep drawing sheet DC04 with a thickness of 1 mm and 2 mm. 

Three specimens of DC04 sheet were prepared for each thickness. In order to determine the clearance 

influence on the size of the rollover area, 7 punches of different diameters and one die were prepared. In this 
way, 7 different clearance values were obtained, which were used for blanking process. In Table 1 the tools 

dimensions and clearance used during the research are presented. 

Table 1 Tools dimensions and clearance used during the research 

Punch number 1 2 3 4 5 6 7 

Punch diameter (mm) 15.00 15.28 15.45 15.56 15.65 15.76 15.89 

Die diameter (mm) 16.00 16.00 16.00 16.00 16.00 16.00 16.00 

Clearance (mm) 0.5 0.36 0.28 0.22 0.18 0.12 0.06 

Clearance for 1 mm (%) 50.00 36.00 27.50 22.00 17.50 12.00 5.50 

Clearance for 2 mm (%) 25.00 18.00 13.75 11.00 8.75 6.00 2.75 

Three specimens were made for each sheet thickness. For each of 6 specimens 7 holes were performed with 

a different clearance value. The specimens obtained in this way were measured on an experimental setup. 

Three piercing processes carried out using each of the punches allowed to verify the repeatability of the rollover 
area width Wr. In addition, each of the holes was measured three times. Based on these measurements, it 

was possible to check the measurement repeatability of the experimental vision system. Figure 5a shows the 

results obtained for 1 mm thickness DC04 steel. The graph shows the relationship between the width of the 
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rollover area and the clearance in relation to the sheet thickness in %, at which the hole was obtained during 
piercing. The graph shows good repeatability of the rollover area size for each clearance value. Figure 5b 

shows the relationship between rollover width and clearance for 2 mm thickness DC04 sheet. Also for this 

sheet, three piercing processes were made for each of the punches. The repeatability of the rollover area width 

for a given clearance value is comparable to a 1 mm thickness sheet. Differences are noticeable in the width 
of the rollover Wr.  

 

Figure 5 Relationship between rollover width and clearance for DC04 1 mm  

a) and 2 mm b) sheet thickness 

In Table 2 the clearance value is presented together with three measurements results (M1, M2, M3) of rollover 

width Wr for each of the 7 holes obtained on one of the specimens. At the end of the table there is the value 

of the measurement spread for each hole.  

Table 2 Clearance value and three rollover width measurements for 1 mm thickness sheet 

Punch no. 
clearance 

(mm) 
clearance (%) 

M1  
(mm) 

M2  
(mm) 

M3  
(mm) 

spread (mm) 

1 0.50 12.50 1.06 1.06 1.07 0.02 

2 0.36 9.00 0.91 0.92 0.93 0.02 

3 0.28 6.88 0.86 0.83 0.84 0.03 

4 0.22 5.50 0.85 0.81 0.85 0.04 

5 0.18 4.38 0.75 0.74 0.74 0.02 

6 0.12 3.00 0.65 0.65 0.65 0.00 

7 0.06 1.38 0.51 0.45 0.47 0.06 

The results indicate that the measurement repeatability is high. The spread of the measurement values 

reaches a maximum of 0.06 mm. This spread is due to many reasons. The first is the resolution of the 

measurement system. The size of one pixel in the image is 0.02 mm. The edges of the rollover area are 
detected with this pixel accuracy. The rollover width Wr is measured between the inner and the outer edge of 

the ring shown in Figure 3b. For this reason, the maximum error due to the system resolution can reach 

0.04 mm. This error can be significantly reduced by changing the camera and the optical system mounted on 

the experimental set-up. Verifications of measurement repeatability were also made for 2 mm DC04 sheet. In 
Table 3 the values of clearance and 3 Wr measurement results are presented together with spread values for 
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one of the specimens. In the case of these measurements, the maximum spread was 0.03 mm, which indicates 

very good repeatability of the presented vision system. 

Table 3 Clearance value and three rollover width measurements for 2 mm thickness sheet 

Punch no. clearance (mm) 
clearance  

(%) 
M1  

(mm) 
M2  

(mm) 
M3  

(mm) 
spread  
(mm) 

1 0.50 12.50 1.14 1.12 1.14 0.02 

2 0.36 9.00 1.06 1.03 1.05 0.03 

3 0.28 6.88 1.00 1.00 1.00 0.01 

4 0.22 5.50 1.00 0.99 0.99 0.01 

5 0.18 4,38 0.95 0.93 0.94 0.02 

6 0.12 3.00 0.83 0.84 0.85 0.02 

7 0.06 1.38 0.73 0.71 0.71 0.02 

Figure 6 shows a summary of the measurements for both sheet thicknesses. It presents the relationship 

between the rollover width and the real clearance. Replacing the clearance in relation to the sheet thickness 

in % with clearance per side in mm allowed direct comparison of the results for both sheet thicknesses.  

 

Figure 6 Relationship between the rollover width and the real clearance for both sheet thicknesses 

The differences in the rollover width between 1 mm and 2 mm thickness sheets change from 0.1 mm for the 

largest clearance to 0.2 mm for the smallest clearance. The graph shows a clear relationship between the 

rollover width and clearance. To confirm the presented dependences, additional tests should be performed in 

the future for different materials and sheet thicknesses. 

4. CONCLUSIONS  

In this paper, the authors presented an experimental method of clearance determination. It allows fast 

clearance determine based on the size of the rollover, without destroying the examined object. The obtained 

results indicate a high potential of the presented method. The following conclusions were made based on the 

measurements: 

• the vision measurement of the hole by means of axial and backlight illuminations enables fast and 
accurate evaluation of its diameter and rollover width without destroying the measured object, 
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• proposed method give the best results for perfectly flat sheet,  

• the resolution of the measuring system can be improved by changing the optical elements and the 

camera, 

• there is a relationship between the measured rollover width Wr and the clearance for DC04 sheet,  

• information about rollover width allows to determine the clearance value in the cutting process, 

• to confirm the obtained results more tests should be carried out for various materials and sheet 
thicknesses. 
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Abstract 

It is commonly known that shear strain occurring in asymmetric rolling process plays a very effective role to 

improve mechanical properties of metallic materials especially in the production of sheet metal. In the article 

preliminary research results of deformation in asymmetric rolling process influence on equivalent deformation 

distribution and austenite microstructure changes are presented. The C45 steel plate rolling process with 

reduction ε = 30 % in temperature 1000 °C were modeled. For experiments Forge 3D computer program based 

on FEM were used. The analyze of influence of different rolls speed ratio in range av= 1.0 ÷ 1.5 were done. 

Based on austenite microstructure evolution model the austenite grain size as a result of asymmetric rolling 

processes with different coefficient of rolls speed ratio was determined. It was found that strain distribution was 

inhomogeneous. The zones of increased strain were observed, which affected the uneven distribution of 

austenite grain size. Increasing different coefficient of roll speed ratio should caused a reduction in the uniform 

distribution of strains, and thus led to a more even distribution of the austenite grain size. 

Keywords: Asymmetric rolling process, shear strain, austenite evolution 

1. INTRODUCTION 

For many years, in Institute of Plastic Working and Safety Engineering of Technical University of Czestochowa 

has been providing research on the application of a deliberately set asymmetry in the process of rolling flat 

homogeneous and multilayered products. The test results were implemented in the rolling mills and thin sheet 

rolling mills [1,2], and the flat products produced by this method are characterized by higher flatness and lower 

waviness. The use of asymmetrical deformation conditions on the upper and lower roll results in the occurrence 

of zones with opposite directed tangential stresses [3-5] causing deformations affecting grain size distribution 

in the rolled strip [6]. The presence of zones in which the friction forces on the upper and lower roll are directed 

against each other is beneficial for the rolling process, and their operation can be compared to the action of 

tension and counter-thrust forces. This has the effect of reducing the total metal pressure on the rollers, and 

thus it is possible to use larger individual deformation in pass, which also affects the fragmentation of the 

austenite structure. Using asymmetry in the rolling process also causes less elastic deflection of the roll stand 

elements. Thanks to this, smaller forces that bend the work rolls can be used and a ready sheet with smaller 

dimensional deviations on the length and width of the strand can be obtained. The Figure 1 shows changes 

in the shape and dimensions of a single element of the band mesh and the entire coordination grid as a result 

of asymmetrical rolling. schematic illustration of changing the shape and dimensions of a single grid element 

before and after asymmetric strip rolling. The square ABCD after an asymmetric rolling obtains the shape of 

A'B'C'D'. The angle of ADC, which originally amounted to 90 degrees, has changed due to the shear stress by 

the angle γ, which varies depending on the asymmetry factor. 
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Figure 1 Change in the shape and dimensions of a single element of the band mesh and the entire 

coordination grid as a result of asymmetrical rolling [3] 

In article [3] the result of numerical simulation of asymmetric CuZn5 alloy strip cold rolling to 70% thickness 
reduction with different values of speed asymmetry coefficient were done. In Figure 2 distribution of shear 

strain on cross section of strip are presented.  

 

Figure 2 The distribution of shear strain on cross section of strip thickness [3] 

During symmetric (av=1.0) of cold-rolling alloy strip CuZn5 with a total strain of 70% shear strain was about 0.9 

on the top and bottom of stripe. There was no observed shear strain in the middle of cross section of strip. 

Increasing speed asymmetry coefficient increased shear strain too, particularly on the bottom surface of the 

strip where the roll has faster circumferential speed. For maximum of av coefficient shear strain equal about 

3.1 was observed. In the processes of asymmetrical rolling, apart from the main deformations, there are still 
deformations caused by shear stress. Equivalent strain εi can be determined based on dependence [7,8] (1): 
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which can be determined from dependence (2) for the asymmetrical rolling process: 

43

32
2

122

22

ε
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For determination of shear strain influence on the microstructure evolution in the asymmetric rolling process 

numerical modeling were done. 

2.  THEORETICAL ANALYSIS OF THE SHEAR STRAIN CHANGE DURING ASYMETRIC ROLLING 
PROCESS 

The thermomechanical simulation of the asymetric plate rolling process was carried out using the visco-plastic 

body model for a three-dimensional strain state with the use of the Forge2011® program. Deformation of the 

body was de-scribed by the Norton-Hoff law. Simulation of the asymetric plate rolling process was conducted 

with the following initial parameters: feedstock temperature 1000 °C (a uniformtemperature distribution was 

assumed), rolls diameters 300 mm, main rolls rotation speed 63.6 rpm (linear velocity 1 m/s), deformation 

during rolling 30 % (initial height of the plates was 10 mm) and the friction factor 0.6. The coefficient of  heat 

transfer between the plate and the rolls was assumed to be 3000 (W/K·m2) and the coefficient of heat transfer 

between the plate and air was assumed at 100 (W/K·m2). The numerical analysiss was performed for three 

rolling speeds asymetry coefficients: av = 1.0 (symetry, the rolls rotation speed same for both working rolls), av 

= 1.3 (asymetry, the lower roll rotation speed was 82.7 rpm) and ), av = 1.5 (asymetry, the lower roll rotation 

speed was 95.4 rpm). The yield stress σp dependence of strain, strain rate and temperature for the C45 steel 

used for the theoretical analisyss has been taken from the material database of the programForge2011®. 

Based on the results of numerical modelling the distribution of the component of shear strain (εxy) in the 
deformation zone has been made (Figure 3).  

 
Figure 3 Distribution of the shear strain (ε12) for analyzed cases of rolling: a) av = 1.0, b) av = 1.3, c) av = 1.5 

Analyzing the data presented in the Figure 3a, it can be noticed that for the symmetrical process (av = 1.0), 

the tensor component in the deformation zone has opposite signs (opposite directions of interaction), arranged 

symmetrically to the horizontal axis of symmetry. In this case, the deformation forms a deformation with a 

characteristic shape (so-called herringbone) at an angle of 45 degrees to the axis of symmetry of the rolled 
strand. The introduction of asymmetry (Figure 3b) causes a disturbance of the equilibrium, which results in a 

change of the sign to the positive (direction of impact) of the deformations occurring in the deformation basin. 
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This means intensification of deformations caused by the cylinder with a higher rotational speed (bottom 

working roll). This also results in a change in the angle and displacement of the individual shear strain bands. 
Increasing the coefficient of asymmetry (Figure 3c) affects the change in the angle of occurrence of the 

deformation of the form (intensification of the impact of the roller with increased rotational velocity), slightly 

affecting the increase in the value of the analyzed deformations. It can be observed that the characteristic 

banded distribution of shear deformations in practice results in the appearance of zones with reduced particle 

grain size. 

3.  AUSTENITE MICROSTRUCTURE EVOLUTION 

Based on results of numerical modeling of asymmetric 
rolling processes distribution of effective strain εi  (2) was 

determined. Distribution of effective strain εi for all variants 

of rolling are presented in Figure 4. Analyzing the influence 

of different rolls speed ratio in range av= 1.0 ÷ 1.5 on 

equivalent deformation distribution it shown that with the 

increase of the asymmetry value, the effective strain 

increased. This is due to the greater volume of shear strains 

for higher values of the av coefficient.  

 

 

 

 

 

Figure 5 Distribution of austenite grain size on height of roll gap 

For predicting the parameters of microstructure of austenite after rolling processes, a computer program of 

austenite microstructure evolution [9] were used. Based on the rolling process parameters it is possible to 

establish the phenomena occurring in the steel after deformation and to determine the austenite grain size and 

the non- recrystallized strain. The influence of the shear strain on the microstructure evolution in the sheet 

Figure 4 Distribution of effective strain εi 

for analyzed cases of rolling: a) av = 1.0, 

b) av = 1.3, c) av = 1.5 
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asymmetric rolling process is presented on Figure 5. It was shown that the introduction of asymmetry to the 

sheet rolling process provided to fined microstructure of austenite and more uniform distribution of them. 

During symmetric (av=1.0) the range of austenite grain size was 30 ÷ 40 μm. The largest austenite grain size 

was observed in the middle of height of strip and the smallest grain size was on the top and bottom of strip. 

Increasing speed asymmetry coefficient increased uniform distribution of austenite grain size on height of strip. 

For maximum of av coefficient (1.5) range of austenite grain size was 27 ÷ 32 μm. 

As it can be noticed introducing of asymmetry to the rolling process should cause change in the distribution of 

the grain size (on the height of roll gap), a finer grain size comparing to the symmetrical rolling process are 

observed. When we analyze distribution of the grain size for the symmetrical process of rolling we can notice 

that the largest grains are observed in the central zone and then symmetrically decrease in the direction of the 

work rolls. Whereas for asymmetrical processes the multiplicity of grain changes in accordance with the 

direction of impact of shear deformations, the smallest grains occur in the zone of impact of the roller of higher 

velocity and increase towards the second working roll (with the smaller rolling speed). Also the distribution of 

austenite grain size is more uniform comparing to the distribution estimated for classical rolling process. 

CONCLUSION 

Based on the analysis of the obtained results it can be found that asymmetry introduced to the rolling process 

has considerably increased the intensity of occurrence of shear bands, which cause a change of the shear 

strain directions in the deforamtion zone. It also can be found that for the rolling processes with greater 

asymetry coefficient increase of the values of shear strain in comparsion to symetrical process can be noticed. 

Based on stres - strain conditions in the deformation zone estimated distribution of austenite grain size (on the 

height of roll gap) show that for asymetrical rolling processes a finer grain size has been obtained within the 

entire rolled plate. Also the distribution of austenite grain size is more uniform comparing to the distribution 

estimated for classical rolling process. In the next stage of experiments the verification of the theoretical results 

is been planed.  
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Abstract  

Deformation behavior of continuously cast steel with 0.43 % C, 1.01 % Cr and 0.19 % Mo was studied in the 

austenite region. Its solidus temperature was calculated as 1435 °C and the nil strength temperature at heating 

was determined as 1402 °C using a special testing method. Hot ductility was measured by means of the 

uniaxial tensile tests in wide range of mean strain rate (0.00074 - 63 s-1) and temperature (800 - 1375 °C). At 

medium strain rate of 0.65 s-1, formability steadily increased to a temperature of approx. 1335 °C and then 

sharply dropped as a result of overheating and burning of the steel. The nil ductility temperature was 

determined as 1365 °C in this case. Influence of strain rate on formability was evaluated at two temperature 

values corresponding to relatively poor and/or good plastic properties. At a temperature of 900 °C, ductility 

increased rather moderately with the increasing strain rate. At a temperature of 1280 °C, the growth of ductility 

at increasing strain rate was sharper and both dependencies intersected at a strain rate of approx. 0.008 s-1. 

Formability was improved by higher temperature at high strain rates and deteriorated at very low strain rates, 

which is a quite unique result. It was not possible to determine the value of the strain rate corresponding to the 

local maximum of ductility, even if applying the strain rate range of 6 orders. SEM analysis of the broken 

samples confirmed the expected influence of microstructure development on hot formability. 

Keywords: Uniaxial tensile test, mean strain rate, ductility 

1. INTRODUCTION 

Influence of strain rate on steel hot formability is an interesting issue but less intensively investigated across 

the world than, for example, influence of the forming temperature. The reason is mainly experimental 

demandingness (necessity of achievement of a sufficiently wide interval of strain rate, and not each laboratory 

device can easily achieve it) and considerable complexity of the issue resulting from a varied chemical 

composition of steel and different material aspects of their deformation behavior. Not always fully compatible 

knowledge of different researchers also complies with it [1-7]. An appreciatory type of material for the given 

investigations are austenitic corrosion-resistant steels; structural analyses of the fractured samples are not 

complicated by their phase transformations proceeding during cooling from the testing temperature [8-10]. 

Formability of material is influenced by a change of strain rate ė (s-1) at a continuous deformation up to a 

fracture due to different factors: structural composition, initial grain size, strength and clearness of the grain 

borders, kinetics of dynamic recrystallization, influence of deformation heat, deformation-induced precipitation, 

etc. High-temperature formability is improved by the course of dynamic recrystallization, which releases 

tensional concentrations and displaces borders of the grains out of the existing cracks, by which it is prevented 

from their progress. A key knowledge is that hot formability depends more on microstructure development 

influenced by strain rate than on strain rate itself, i.e. its effect is, first of all, indirect, mediated [11]. 
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2. DESCRIPTION OF EXPERIMENT  

The aim of the paper was to determine - on the basis of laboratory tests - laboratory conditions, at which 

formability of medium-carbon low-alloyed Cr-Mo steel is the highest. The investigated steel was delivered in a 

cast state and had the following chemical composition: 0.43 C - 0.80 Mn - 0.27 Si - 0.012 P - 0.011 S - 1.01 Cr 

- 0.19 Mo - 0.029 Al - 0.0044 N. Cylindrical samples for testing by single-axes tension with a diameter of 10 
mm and threats at both ends were withdrawn from the area of columnar crystals, in parallel with the direction 

of continual blank casting. Testing went on in the Gleeble 3800 simulator after resistive heating of the sample 

with a rate of 10 °C/s and resting at the temperature for 300 s. Applied jaws for sample gripping of „hot grips“ 

type were made from austenitic corrosion-resistant steel, and they ensured a heated (measured) length of 20 

mm. As the first, influence of temperature to hot ductility was investigated (respectively relative elongation up 

to fracture) AT (%) at constant crossbeam speed of 20 mm/s. The temperature range was chosen in an interval 

from 800 °C up to the nil ductility temperature. On the basis of the obtained results, two temperature levels 

were chosen for the determination of influence of strain rate to formability - 900 °C and 1280 °C. Tensile tests 

were applied at these temperatures at nominal crossbeam speeds of 0.02 - 0,2 - 2 - 200 - 2000 mm/s. A wide 
range of rates (5 orders) should enable possible localization of strain rate connected with the highest 

formability. After fracturing, all samples were cooled freely, without control of cooling rate or fixation of structural 

state by means of hardening with water nozzles. 

2.1. Thermal dependence of formability  

Figure 1 shows examples of results obtained at nominal rate of the transverse of 20 mm/s. The shot of the 

samples after fracturing and of dependence of force F (kN) on elongation ∆L (mm) documents different 

deformation behavior of the investigated steel at different temperatures. A specificity is a „two-stage“ form of 
several curves in Figure 2. Especially in the case of temperature of 1000 °C, a plateau of force exists at 

enormously big elongation, which can be described neither by mechanics of the test nor by manifestation of a 

significant yield point. A mean value of strain rate was simplistically calculated for each test with non-nil ductility 

as a share of the crossbeam speed and the mean length of the measured part of the rod; it included the initial 

length (20 mm) and the final length (20 mm + total elongation up to fracture). In dependence on concrete 

ductility, the so-defined values of strain rate are in the interval of 0.59 - 0.72 s-1. Values of AT were then 

calculated as a percentage share of ∆L and the measured sample length, respectively a contractual hot 
strength limit RmT (MPa) as a share of the maximum measured force and the initial cross-section area of the 

sample with a diameter of 10 mm. 

 

Figure 1 Shape of the tested samples  
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Monotonic course RmT in Figure 3 proves that the whole used temperature range corresponds with the 

austenitic area. Formability is gradually growing with temperature approximately up to 1335 °C and afterwards 

is vehemently dropped due to overheating and material burning. The nil ductility temperature is probably 

situated between 1360 and 1370 °C; the sample is cracked at temperature of 1375 °C already during heating. 

 
 

Figure 2 Deformation behavior influenced by 

temperature at tensile testing - crossbeam speed 

of 20 mm/s (force-elongation dependencies) 

Figure 3 Temperature dependence of ductility and 

tensile strength at crossbeam speed of 20 mm/s 

2.2. Influence of strain rate on formability 

Figure 4 shows other relevant examples of a shape of the fractured samples and of dependence of force on 

elongation. As is clear from the figure, influence of strain rate on deformation behavior is in case of temperature 

of 900 °C more less significant than at temperature of 1280 °C. Mean values of strain rate were also calculated 

for this set of tests; they fluctuated in a range of 0.00074 - 63 s-1. 

 

Figure 4 Shape of the samples after testing 

The graph in Figure 5 documents influence of strain rate on formability at the both temperature levels. At 

temperature of 900 °C, ductility grows with a growing strain rate linearly and relatively slightly. In the case of 

temperature of 1280 °C, the given dependence can be described with a good accuracy by a quadratic 

equation, whereas the growth of ductility with a growing strain rate is steeper than at low temperature. What 

is, however, interesting is that the both curves are intersected at ė ≈ 0.008 s-1. Due to it, at ė ≈ 60 s-1, ductility 

is dramatically more favorable (almost by 40 %) for temperature of 1280 °C, while for ė ≈ 0.00074 s-1 material 
shows ductility higher by 40 % at temperature of 900 °C. 
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Figure 5 Ductility depending on strain rate at temperatures of 900 °C and 1280 °C 

Generally higher strain rate leads to more homogeneous distribution of deformation, finer dynamically 

recrystallized grains and brakes restoration - it leads to the improvement of ductility. On the other hand, higher 

strain rate results in a lower range of dynamic recrystallization, which supports hot cracking. Influence of strain 

rate on formability, then, depends on microstructure development. If there is a balance between positive and 

negative impacts of these structural phenomena, or if changes of strain rate are too small, then influence of 

strain rate on formability is insignificant. 

3. METALLOGRAPHICAL ANALYSES  

Structural analyses were complicated by origination of hardening components during cooling of the fractured 

sample, which often made it impossible to obtain solid information on a grain size in the area near to the 

fracture of the sample. At any rate, it was manifested that at temperature of 900 °C the resulting structure was 

fine-grain after forming with low and high rate - see Figure 6. Fibrousness of the structure is probably 

consequence of casting segregations. The structure of the samples tested at temperature of 1280 °C is 

significantly more coarse-grainer, but probably originated thanks to sufficient deformation from recrystallized 

austenite - see, for example, Figure 7. 

  

Figure 6 Micrograph of sample deformed at 

temperature of 900 °C (crossbeam speed 2 m/s) 

Figure 7 Micrograph of the sample deformed at 

temperature of 1280 °C (crossbeam speed of 2 

m/s) 
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4. SEM ANALYSIS OF SELECTED FRACTURES  

Samples with sufficiently big fracture surfaces were investigated on a scanning electronic microscope. After 

heating to temperature of 1375 °C, fracture occurred already at a nil deformation, and that is due to significant 
grain coarsening and material burning - see Figure 8. It is clear that grains on the surface of the intercrystalline 

fracture were covered by two thin layers of oxide, which are delaminated and peeled. The bottom layer 

probably originated during heating of the sample to the forming temperature; the upper layer not earlier than 

during cooling after sample fracturing. Temperature decreasing to 1350 °C led to the origination of mixed 
fractures - with more expressive relief looking in the macro-view like a ductile fracture (Figure 9). The fracture 

surface at higher magnification shows mostly intercrystalline character, coarse in the central part, very fine in 

the edge areas, with transversal secondary cracks. Expressive oxidation of the surface as well as of the 

fracture area manifested itself here. 

  
a) intergranular brittle fracture b) detail of oxide layers on the grain surfaces 

Figure 8 Fracture surface of the sample elongated by speed of 20 mm/s at temperature of 1375 °C 

  
a) signs of brittle and tough fracture b) intergranular and transgranular cracks 

Figure 9 Fracture surface of the sample elongated by speed of 20 mm/s at temperature of 1350 °C 

5. CONCLUSION 

Formability of fluently-casted medium-carbon steel low-alloyed by chromium and molybdenum was 

investigated by single-axes tensile test in a range of temperatures of 800 - 1375 °C and mean strain rates of 

0.0074 - 63 s-1. Ductility is gradually growing with temperature approximately up to 1335 °C and afterwards is 
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vehemently dropped due to overheating and material burning. The nil ductility temperature is probably situated 

in an interval between 1360 and 1370 °C. 

At temperature of 900 °C, ductility grows with a growing strain rate linearly and relatively slightly. In the case 

of temperature of 1280 °C, the given dependence can be described with a second degree polynomial, whereas 

the growth of ductility with a growing strain rate is steeper than at low temperature.  

Metallographical analyses and SEM of the fracture areas confirmed that relation between strain rate and the 

course of dynamic recrystallization of austenite played an important role in the experiment. Unfavorable 

influence of grain coarsening at high temperatures (up to 1335 °C) was compensated by a natural growth of 

formability with growing temperature. A local transformation of the dendritic structure and non-traditional mixed 

fracture were registered at combination of high temperature and low forming rate. It evokes considerations 

about possible influence of creep mechanism under certain deformation conditions. 

Neither in the applied range of 5 orders, a value of strain rate corresponding to the theoretically assumed 

maximum of formability was determined; it can be possible to expect in the case of the given steel and only in 

case of very high temperatures from strain rates with even higher orders, which are not achievable with the 

used plastometer. 
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Abstract 

The authors of this paper present assumptions and preliminary results of experimental investigations and FEM 

numerical simulations of laser-mechanical hybrid forming process of thin-walled elements. An experimental 

stand was designed and manufactured to investigate and develop new methods of bending of thin-walled 

tubes and conical diffusers, which are used in the construction of aircraft engines. Testing of the stand and the 

hybrid forming method under laboratory conditions, as well as results of numerical show new possibilities of 

thin-walled elements forming. 

Keywords: Laser forming, hybrid laser forming, laser treatment 

1. INTRODUCTION 

Investigations on application of the laser beam for controlled induction of permanent changes in shape without 

external forces, but only due to the phenomenon of thermal expansion, have been carried out since  

the 1980s [1-4]. This technology can be termed incremental [5, 6] because the total plastic strain is usually obtained 

by adding up small strains caused by the local action of the laser beam on the material being processed. In the 

case of laser forming, there is no mechanical contact between the shaping tool and the workpiece. This technique 

also gives the possibility of remote (i.e. at a distance) forming of elements. 

The title method, which is being developed as part of research according to NCBiR research grant No. 

PBS3/A5/47/2015, relies on hybrid thermo-mechanic forming through the simultaneous operation of a laser 

heat source and external forces. The goal of this project is therefore to use external forces with laser forming. 

The utilitarian purpose of the project is, in particular, to develop a thin-walled elements forming method, among 
others for the aviation industry (example in Figure 1), manufactured from high-temperature alloys such as 

Inconel 625, Inconel 718 nickel super alloys, as well as high-alloy martensitic steels AISI 410 and AISI 325. 

Successful attempts of flat bars hybrid forming (made of mentioned materials) with gravitational load assist 

were presented in [7]. 

 

Figure 1 Diffuser turboprop engine, currently made by traditional methods: press forming of two halves and welding 
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In order to accomplish this task, a scientific consortium was established from scientific centers selected 

according to their experience and competence in relevant research areas. The consortium members were: 

Kielce University of Technology - Project Leader, Institute of Fundamental Technological Research PAS 

Warsaw, Metal Forming Institute from Poznań and Rzeszów University of Technology. 

2. ASSUMPTIONS 

Let's consider tube bending for a given bending angle α and the bending radius R from a straight tube as the 

starting material. In the case of classical mechanical bending of the element, the applied external forces usually 

produce a strain of considerable value and plastic deformation in a large area of the formed element. However, 

in the case of laser bending, the deformation is located near the trajectory of the laser beam on the formed 

part. The hybrid approach, i.e. forming with the participation of external forces and laser heating, gives the 

possibility of incremental induction of plastic deformation locally, in selected and well-defined zones of 

elements being shaped. 

 

Figure 2 Laser-mechanical forming scheme: 1 - tube element subject to bending, 2 - area around section A-

A of the element laser heated to the prescribed temperature, 3 - example of uniform heating of the tubular 

element on its circumference, F - applied external force, a) element during heating, b) element after bending 

The idea of the laser-mechanical hybrid forming process is based on the assumption that only a part of the 

element, which is subject to the laser beam, will udergo bending. The laser beam heats the selected area of 

the element to a certain set temperature, which improves the plastic properties in this area. Due to the 

application of the external force F, the area at the suitable temperature becomes plasticized and deformed. 

The remaining part of the formed element, which has a lower temperature, is not deformed, and in this phase 

of the plastic deformation process only the thin "strip" of the element undergoes deformation. The width of this 

"strip" depends on the diameter, power and scanning speed of the laser spot on the surface of the element. 
The scheme of this idea according to the above assumptions is presented in Figure 2.  

3. IDEA 

Several process ideas were developed during investigations. The so-called free bending arm concept was 
chosen for detailed studies - Figure 3. 

According to this idea, the workpiece 1 (intended to forming) is installed between the pushing actuator 2 and 

the free bending arm 3. The laser beam coming form the head 4 heats the element circumferentially in the 

bending plane containing the laser beam trajectory and the pivot point of the bending arm. At the same time, 

the actuator 2 pushes the element 1 with force F. As a result of plastic deformation development, the tubular 

element bends with radius R defined by the distance of the tube axis to the axis of rotation of the arm 3. This 

a) 

b) 
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concept is based on the assumption that the actuator 2 will produce the driving force, while motion of the 

bending arm 3 will be the resultant movement (free bending arm). 

 

Figure 3 Stages of forming according to the concept with a free bending arm - a scheme: 1 - tube element 

subject to bending, 2 - pushing actuator, 3 - free bending arm, 4 - laser head, 5 - rotation center  

4. DESIGN  

Based on the chosen idea, the technical design of the device was made. In the first phase, taking into account 
technical capabilities and research needs, a concept was developed in the form as shown in Figure 4. 

 

Figure 4 Scheme of the main components of the device: 1 - workpiece, 2 - pushing actuator, 3 - free 

bending arm, 4 - laser head, 5 - force sensor, 6 - plane of bending, 7 - reaction roller, 8 - guide roller, 9 - 

trajectory of heating in the plane of bending 
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The conceptual design of the device is presented in Figure 5. 

  

Figure 5 Conceptual design of the device - the main elements 

On the basis of the technical design, the device was made and the test stand was assembled. 

5. RESEARCH 

Experimental tests of bending were carried out on tubular elements of 20 mm OD and 1 mm wall thickness, 

made of X5CrNi18-10 stainless steel. The bending radius R was 215 mm. One end of the tubular element was 

rigidly fixed in the handle of the bending arm. 

 

Figure 6 Stages of the bending process 
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The fastened tube was heated with a laser beam oscillating in the bending plane. The set beam trajectory on 

the surface of the element was limited by the useable motion range of the CO2 Trumpf LaserCell 1005 5-axis 

laser machining center. The operating laser parameters were: power P=400 W, linear velocity of the laser spot 

on material's surface ωl 4,000 mm/min (66.7 mm/s). Simultaneously with the laser heating, an actuator was 

pushing the workpiece towards the bending arm. The actuator feed speed ν was set to 20 mm/min  

(0.33 mm/s). At the maximum permissible extension of the actuator l of 195 mm, the bending angle α of 50° 

was obtained. Figure 6 shows the stages of the process. The bent elements and bending force diagrams are 

presented in Figure 7. 

 
Figure 7 Tubes after forming process (left) and charts of actuator force during process (right)  

No.1 - No.2 - laser-mechanical hybrid bending forces, No. 5 - mechanical bending force 

6. FEM SIMULATIONS  

 

Figure 8 Temperature distribution (a) and equivalent HMH stress distribution (b) during laser-mechanical 

hybrid forming of thin walled element 

The process was modeled numerically to get insight into thermo-mechanics of hybrid forming. Temperature, 

stress and strain fields during thermo-mechanical loading of tubes were determined in the sequentially coupled 

analysis. First, the temperature field generated by the moving laser spot, treated as the surface heat source, was 
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calculated. Then this temperature field was used as a thermal load in quasi-static mechanical analysis taking into 

account the external mechanical load. Details of the numerical model are described in [7]. 

An example of the calculated temperature distribution on the workpiece surface is presented in Figure 8a.  

The distribution of equivalent Huber-Mises-Hencky (HMH) stress is shown in Figure 8b. Results of numerical 

simulations explain effects of localized heating of the workpiece by the laser beam. The distribution of the 

equivalent stress shows the effect of local material yield point reduction along the laser path, which induces the 

desired locallised plastic deformation in consecutive process stages. 

7. CONCLUSIONS  

The developed laser-mechanical hybrid forming concept was tested on a specially designed and built. experimental 

stand. Using the relatively low laser beam power, the tube bending effect was obtained. Further reduction of the 

required beam power can be obtained by using a laser beam of wavelength shorter than that  

of CO2 laser (wavelength 10.6 micrometers). The energy of a diode, Nd:YAG or fiber laser with a wavelength of 

about 1 micrometer, is much better absorbed by metallic materials. Further research will allow to determine 

possibiliities and parameters for shaping elements with different initial shapes. 

The developed method and device for the hybrid forming of thin-walled profiles have been described in an 

application submitted to the Patent Office of the Republic of Poland (application number PL421537, date 

10/05/2017). 
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Abstract 

The paper presents the characteristics and possibilities of a mill line based on a Duo D-300 mill located at the 

Institute of Metal Forming and Safety Engineering at the Czestochowa University of Technology. In 2012 year 

has been started new laboratory semi-industrial rolling mill. Through the years, basic 2-hi rolling mill with 

independent drives of each roll has been successive expanded of the innovative elements and equipment as 

fully mechanized and automated roller tables with regulation of the position or active heat shields of the rolled 

feed. In parallel, measurement and control system integrating all elements has been developed, based on 

programmable logic controllers. A full technical characteristic and research ability of this rolling mill system 

have been presented in this paper. With using it a lot of advanced experimental works and scientific researches 

in area of plastic working processes of metals has been conducted. The characteristic of a few most interesting 

works were described e.g. asymmetrical rolling of the plates, rolling with heat treatment of special steel grade 

for pipeline installations, rolling of preliminary explosively welded bimetals, including light weighted bimetal and 

tri-metals based on magnesium and aluminum.  

Keywords: Rolling mill system, plastic working processes, asymmetrical rolling, bimetals 

1. INTRODUCTION 

In Faculty of Production Engineering and Materials Technology of Czestochowa University of Technology the 

semi-industrial rolling mill was built. Main element of mill is rolling stand duo 300 and air-water cooling device. 
A plan of laboratory mill arrangement is shown in Figure 1. The main equipment of this rolling system is 

300x300 two-high reversing mill (1). Each roll has independent drive consists of electric motor (2), clutch (3), 

main gear (4) and shaft (5) horizontally symmetrical placed. On both sides of cage mill, two sections of roller 

bed are located (6). Over the each roller table, two section head shields (7) are placed. On extension of one 

conveyor, the cooling bed (8) with active zone of water air spray (9) is located. It is supply from compressed 

air and water pump station (10). An addition of cooling equipment is the quench bath (11). Drives of main 

motors and other control elements of the cage are integrated in main cabinet (12). Oil supply for hydraulic 

systems of rolling mill and conveyors is realized by hydraulic stations (13). Steering the working of the whole 

system is done from the control panel (14). Electrical equipment of roller tables heat shields and cooling bed 

are placed in steel cases (15,16) located next to them. The batch for rolling is heated in the electrical furnace 

(17). Operation of rolls exchange or other heavy services with help of the 2 Mg gantry is done (18). Total length 

of whole laboratory rolling system is over 14 meters. In the future, in the gap between roller table and cooling 

bed conveyor, the saw for hot strip cutting will be mounted. 

During the process, the main parameters, as the rolling force and torque were measured and recorded. The 

force was measured directly by two 250 kN sensors (CL21 type, manufactured by ZEPWN Czerwinscy), placed 

between housings of bearings of upper roll and the set screws. Signal from each load cell was gained and 

conditioned by independent industrial instrumentation amplifier, CL100 type, to the voltage within 0-10V range. 

The rolling torque, separately for upper and down roll, was measured indirectly with using of feature of the 

main motors drives, ACS 800 type. On the analog output of RMIO boards installed on both frequency 
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converters, the results of internal DSP calculation of motor torque as a function of angular speed and actual 

power was available as the current signal in standard 0-20 mA with 24 ms updating interval.  

 

Figure1 Scheme of laboratory rolling mill arrangement 

These all standardized signals were transferred to the analog inputs module of Vision V1210 programmable 
logic controller, to further processing, displaying and storing. In special subroutine, on the base of calibration 
function for each load sensors, the real value of rolling force has been calculated, Similarly, taking into 
consideration ratio of main gear (1:40) the rolling torque on the rolls was computed. Theses values on the 
PLC’s screen were displayed and visualized as well as saved to the file with 100 ms interval. 

Also the key issue from the point of view of new rolling processes development is monitoring of temperature 
of rolled strip. For technological reasons, continuous measurement can only provide non-contact methods [4]. 
Because it is important to also know the temperature profile across the width of the band's surface, applied 
on-line monitoring using infrared cameras, capable of measuring the temperature distribution in any of the 
selected line in the image. The four cameras, OPTRIS P160 (6) with heat shield and water proof (IP67) were 
used. Two of them were located over the inputs to the rolling mill, next two, were placed over and under the 
cooling bed. 

   

Figure 2 Sequence of rolling process with strip lifting between passes 

2. PREVIOUS RESEARCH 

2.1. Research on the asymmetrical rolling mill process 

As a result of experimental research, the technology of asymmetric hot rolling of thick plates, which enables 

the control of the shape of the strand at the exit from the rolling mill, and thus obtaining the product with better 

geometrical parameters, was successfully verified based on numerical and physical modeling. The research 

work was carried out using the DUO300 reversing mill, maintaining the scale of the experiment and for the 

conditions of the initial and finishing cage with a roller diameter of 3600mm, for steel grades S690QL and 
S355J2G3, Figures 2 and 3. During the research, the effect of asymmetry of peripheral speed of rollers as 

well as the angle of application of the strand on its curvature as well as energetic and power parameters of the 

rolling process were analyzed. 
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Figure 3 Example of rolling with critical asymmetry  

2.2. Verification of assumptions for controlled rolling technology with accelerated cooling after sheet 
rolling according to API5L standards 

The experimental verification of the developed assumptions concerning the technology of rolling rolling with 

accelerated cooling after rolling of sheets meeting the strength requirements for X80 and X100 pipe grades 
according to API5L standards (rolling and cooling schemes) confirmed their correctness, Figure 4. The 

obtained results, in terms of the microstructure or mechanical properties of the samples taken after the rolling 

process using the DUO300 rolling mill, coincide with the results obtained for the samples obtained in the 

physical modeling process using the Gleeble 3800 simulator. 

 

Figure 4 Example of rolling X80  
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2.3. Experimental tests of rolling magnesium alloy 

Various variants of the AZ31 aluminum magnesium ingot, 50 mm high, blank in the form of sheet metal with a 

thickness of 3.5 mm were tested. The above works, aimed at determining optimal process conditions, included 

rolling on the DUO300 rolling mill, ingots with different deformation patterns and additional heating between 

the culverts. During these tests, the energy-force parameters of the process and the quality of the rolled charge 

were analyzed (delamination, appearance of cracks) after subsequent culverts 

2.4. Investigations of the experimental Al-Mg-Al tri-metal rolling process pre-connected by an  
explosion 

The starting material for experimental research was an experimental three-layer batch material consisting of 

two layers of aluminum alloy Al 1050 with a height of 3 mm separated by a layer of 20 mm magnesium alloy 

AZ 31, pre-connected with the energy of explosion. The research work was carried out using the DUO300 

reversing mill. The scope of research included hot rolling (at an initial temperature of 420C) for various 

deformation patterns in subsequent culverts and reheating between operations. As a result of the work carried 

out, semi-finished semi-finished products in the range of 9 - 10 mm were obtained for selected deformation 

patterns without delamination and cracks. 

2.5. Research on the rolling process of magnesium sheets for components of bimetal products  
manufactured in ARB processes 

As part of the experimental research, a hot plate rolling process was carried out with a thickness in the range 

of 3-4 mm from the AZ31 alloy with an initial height of 7.5 mm, for two batch patterns and additional heating 

between the gaps. These tests were aimed at selecting the optimal variant of the process conditions in terms 

of the quality of the final product enabling its further processing in the ARB process. During this research, the 

energy and power parameters of the process were also analyzed. As the most advantageous, the rolling 

variant was chosen in three passes (7.5→5.7→4.6→3.5) with reheating (400° C) after the first culvert. 

2.6. Research on the rolling process of three-layer thick plates made of magnesium alloy,  
aluminum plated on both sides 

As part of the work, a hot rolling process was carried out on AZ31 magnesium alloy plates clad on both sides 

with an aluminum alloy series 1000 which were carried out on a load with a percentage share of the layers: 

AZ31 76% and 2 × (Al 12%). As a result of the tests, a positive verification of the assumptions about the 

possibility of rolling flat products from this type of trimetal, which could be used in the aviation and automotive 

industries, was made. During the laboratory tests, optimal conditions and a scheme for conducting the rolling 

process were determined, allowing to obtain a sheet with a final thickness of 10 mm without tears or cracks in 

the joint area. The process was also evaluated in terms of energy and strength parameters. 

2.7. Research on the process of rolling trimetal sheets from aluminum alloys pre-connected with  
an explosion. 

The starting material for experimental research was an experimental three-layer batch material for thin sheet 
metal production for the automotive industry, consisting of three layers of 5000, 1000 and 2000 aluminum 
alloys with a percentage of 52%, 13% and 35% respectively, pre-connected with energy explosion. The scope 
of the research included hot rolling of the 69 mm height (at an initial temperature of 500C) for different 
deformation patterns in subsequent culverts and reheating between operational ones. As a result of the work 
carried out, for the selected deformation patterns, the semi-finished product was obtained for further 
processing, four times reduced, characterized by the absence of delamination and cracks in the joint zones. 
The tests carried out thus showed the possibility of deformation of this type of materials. At the same time, it 
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was found necessary to introduce asymmetry in the peripheral speed of the rollers in the rolling process in 
order to obtain a straight band. 

2.8. Research on the process of rolling bimetal plates resistant to corrosion for applications in 
geothermal installations 

As part of the work, preliminary tests were carried out, necessary to carry out the commissioned research work 
entitled "Numerical, physical modeling and rolling of bimetallic corrosion-resistant plates produced by the 
explosive method for applications in geothermal installations" during which initial experimental verification of 
the assumptions of puters, number of bushings or asymmetry ratios in which the rolling process should be 
carried out correct geometry and final thickness of 4mm. The research concerned the rolling of bimetal bits of 
13mm thickness pre-connected with an explosion consisting of a base layer made of P355NH steel and plating 
layers of high-strength alloys based on nickel, molybdenum and chromium, corrosion-resistant austenitic 
steels, including high-alloy and austenitic-ferritic super-high alloys duplex. As a result of the work, semi-finished 
products in the form of sheets with correct geometry and assumed thickness from 4mm to 5mm were obtained. 

2.9. Experimental verification of numerical control modeling results in the bimetal sheet rolling 
process with their shape and mechanical properties 

As a result of experimental research, the asymmetric rolling technology, based on numerical modeling, has 
been positively verified, allowing the shape and mechanical properties of bimetallic plates to be controlled. The 
tests were carried out on a bimetal batch of which the 10 mm thick base layer was 10CrMo9-10 steel and the 
2 mm thick cladding layer made of X2CrNiMo17-12-2 steel. During the rolling of the starting material in a 
symmetrical process, highly bent samples were obtained as a result of uneven plastic flow of individual bimetal 
layers. However, in the asymmetric rolling process, with the parameters determined in the analysis of the 
numerical modeling results, i.e. with the velocity asymmetry av = 0.75 and σ = 18%, the desired straight strip 
was obtained at the exit from the roll gap. Based on the metallographic examinations of the processed samples, 
it was found that after asymmetric rolling, finer grain with an average size of 22μm was obtained rather than 
after symmetrical rolling, after which the average grain size was 33μm; which is a predictor of improving the 
mechanical properties of sheets rolled in this way. During the tests, energy and power parameters of the 
process were also recorded, on the basis of which a nearly 20% decrease in the rolling force in the 
asymmetrical process was found. 

2.10. Research on the experimental asymmetric rolling process 

During the research carried out as part of international cooperation, an experimental hot-asymmetrical rolling 
process was carried out (at 1000 ° C) of ferritic-pearlite steel sheets with high velocity asymmetries of the 
upper and lower roll av below 0.8. As a result, bands characterized by rolling with a significant radius of 
curvature were obtained. Based on the analysis of the experimental data, it was found that the desired 
asymmetry ratio 0.75, in real conditions, is reduced to 0.85, due to the mutual interaction between each other 
through the rolled band of independent drive systems of the upper and lower rollers. The obtained test results 
are the starting point for further research in the real control area as the asymmetry factor during the process. 
As part of the research carried out at this point, a comparative process of symmetrical rolling was also carried 
out. During it, in further passages, rolling was carried out with large crushes, for which the rolling force was at 
the level of maximum parameters. 

3. CONCLUSION 

The mill line presented at the Institute of Metal Forming and Safety Engineering at the Czestochowa University 
of Technology is a unique set of devices enabling the verification of newly designed rolling technologies for 
flat products in a wide range. A number of works carried out with the use of the presented rolling mill confirm 
its wide application. Roller duo reversible with independent drives of each roller is successively extended with 
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innovative elements such as fully mechanized and automated loading and receiving receipts with position 
regulation and active thermal shields allows for controlled rolling along with heat treatment. The integrated 
measurement and control system integrating all elements, based on programmable logic controllers, enables 
precise process control. 
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Abstract  

Over the last few years, the great attention was paid to materials with grain size of diameter smaller than 1 µm. 

These materials were classified as Ultra-Fine Grained (UFG) materials with diameter of grains of the order of 

100 to 1000 nm and nano-materials (NC) with mean diameters of grains smaller than 50 nm. This research 

concerned to the production of UFG materials, using Severe Plastic Deformation (SPD) process. One of the 

forming methods using the SPD process is the DRECE method. This method was used to achieve the UFG 

structure in brass strip sheet. In the present paper, the brass CuZn37 strip sheets were processed by severe 

plastic deformation by DRECE method. The mechanical properties and structure achieved in individual passes 

by the device at room temperature were analyzed. Deformation route “C” was applied, i. e. the sheets were 

rotated about 180° between subsequent forming passes. It was found that process SPD has a significant 

influence on the increase mechanical properties of forming materials. The obtained results are detailed 

analyzed in the final part of this paper. 

Keywords: Dual Rolls Equal Channel Extrusion (DRECE), Cu - Zn based alloy CuZn37, microstructure,  

         mechanical properties 

1. INTRODUCTION 

Modern technologies, which use high deformation for obtaining the fine-grained structure in non-ferrous 

sheets, are described namely by the following authors [1-20]. 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 a 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. Strip with dimensions 

58 × 2 × 1000 mm was fed into the working space and it was pushed by the feed roller with help of pressure 

rollers through the forming tool without change of its cross section. Severe plastic deformation realised in this 

manner brought substantial refinement of structure. During the trial operation the first experiments were made, 

followed by their evaluation. On the basis of these works some modifications of design were proposed. 

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 and steels [2-10, 15-19]. 

2. INVESTIGATION PROCEDURES 

The study material using in this article was a commercial cold-rolled strip of sheets from brass CuZn37, which 
chemical composition is shown in Table 1. 
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Table 1 Chemical composition of investigate brass (wt. %) 

Sn Al Zn Mn Si Fe Cu 

0.43 0.15 36.80 0.45 0.10 0.06 rest 

The initial brass samples with dimensions 58 mm × 2 mm - 2000 mm were subjected to DRECE processing. 

Specimens were processed by DRECE with a tool angle α = 108° at room temperature (RT). Route “C” was 

applied, i. e. the samples were rotated about 180° between subsequent DRECE passes. The extrusion velocity 

of DRECE process was 3 mm. s-1 and maximum number of passes was 3. 

Microstructures were observed through optical (OM) using specimens taken from sliced discs from the samples 

processed by DRECE method. The samples for metallographic analysis were etched in a solution of FeCl3 + 

HCl + Alcohol. A comparative method with the use of Plate III standards was also used. The analysis was 

performed on a microscope NIKON EPIPHOT 300. 

Hardness was measured using a vickers hardness tester al load of 10 kg for 20 s. Tensile tests were carried 

out using the tensile specimens with length 80 mm at the strain rate 1 s-1 at room temperature, the specimens 

for tensile testing were cuted from longitudinal (DRECE) direction.  

3. INVESTIGATION RESULTS  

3.1. Microstructure evolution 

All the samples have a microstructure formed by grains of α-brass with twins. The microstructures of the 

samples in the initial state prepared from different directions are show in Figures 1 a, b. The samples after 

the first and third pass through the forming tool show apparent slip lines and bands after plastic deformation 
(see Figures 1 c - f). All the samples have longitudinally elongated grains due to deformation, more so at the 

edges of the samples, in the centre, the deformation is sporadically not apparent. The average grain size after 

3 passes reaches the values of 30 - 40 µm. 

In the initial state the microstructure of the alloy CuZn37 consists of grains with prevailing average grain size 

70 µm (G 4.7). After the first pass through the forming tool, a slight refining of grain with a predominant mean 

size of 50 µm (G 5.7) takes place. After the third pass, a further refinement takes place to a mean size of 40 

µm (G 6). It is characterised by the accumulation of dislocations along the grain boundaries (dislocation 

reinforcement) and the beginning of the formation of sub-grains.  

  

a) - transverse cut b) - longitudinal cut 
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c) - transverse cut d) - longitudinal cut 

  

e) - transverse cut f) - longitudinal cut 

Figure 1 OM micrographs of investigated brass: Initial state (a - b); 1x DRECE (c - d)  

and 3x DRECE (e - f)  

  
a) b) 

Figure 2 TEM micrograph with corresponding SADP from the (a) 1x DRECE pass  

and (b) after 3x passes DRECE  
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Figure 2 shows the TEM micrograph from the sample which was passed 1 time through the DRECE device. 

One can see that the grain refinement is rather negligible, only growth of dislocation density and single twins 
can be observed. The presence of twin is confirmed in the diffraction pattern presented in Figure 2b (after 

third passes through forming device). As indicates the shape of the extinction contour, no formation of subgrain 

boundaries can be seen. Additional grove pressing repeated 3x causes formation of typical deformation twins 

and in addition formation of subgrain structure what causes splitting of diffraction spots in the direction of 
Debye Scherrer rings and causes contrast typical for the orientation changes. Similarly as in Figure 2a a 

relatively high dislocation density can be seen. 

3.2. Mechanical properties 

At the forming angle α = 108° we obtained the following results of mechanical properties (see Table 2). The 

original tensile curves of CuZn37 alloy are presented in Figure 3. Figures 4 and 5 show a graphical 

representation of the influence of the number of passes through the forming tool to change the magnitude of 

the yield strength Rp0,2, ultimate strength Rm, ductility A and hardness HV10, respectively.   

 

Figure 3 Tensile curves from samples: Initial state (a); 1x DRECE (b) and 4x DRECE (c) 

 
Figure 4 Vickers hardness HV10 evolution during DRECE processing 
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Figure 5 Tensile properties of CuZn37 with dependence of number of DRECE passes 

Table 2 Mechanical properties of CuZn37 processed by DRECE method  

 Yield stress Rp0,2 

(MPa) 
Ultimate tensile 

strength Rm (MPa) 
Elongation to 

failure (%)  
Vickers 

hardness HV10 

(-) 

Initial state 229 352 39 105 

1st pass 284 381 33 155 

2nd pass 309 398 25 159 

3rd pass 314 419 18 174 

When an angle α = 108° was used, the yield strength Rp0,2 increased by 24% already after the first pass through 

the forming tool, and after the second pass, it increased by 35% in comparison with the initial state. The ductility 

value decreased after the first pass by 5% in comparison with the initial state. Ductility decreased after the 

second pass by 8.5% to an acceptable value of 24.7% enabling subsequent forming operations. Ultimate 

tensile strength increases with dependence on number of passes. Maximal value of UTS was obtained in 
sample processed by 3 passes by tool with α = 108° (see Table 2). 

4. CONCLUSION 

Equipment for production of UFG structure in a strip of a sheet made of non-ferrous metals has been designed, 

with subsequent possibility of deformation also of steel sheets with a thickness of 2 mm. This process involves 

primarily creation of a sufficient number of shear systems with different orientation in the crystallographic 

lattice. Creation of UFG structure in the strip of the sheet is closely connected to the design of suitable 

geometry of the forming tool, appropriately dimensioned power unit and control system enabling setting of 

various values of peripheral velocities. From the viewpoint of forming parameters, the higher number of passes 

will bring a considerable strengthening of the formed material. According to the degree of the obtained results 

of extrusion of the sheet made of brass, it is possible to state that the equipment is fully functional. The forming 

equipment is at the stage of verification and future works will verify the influence of technological parameters 

on the increase of efficiency of the SPD process for obtaining the UFG structure in non-ferrous metals. From 

the viewpoint of forming parameters, the higher number of passes will bring considerable grain refining and 

strengthening of the formed material. For the application of the achieved results in the industrial practice, it is 
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very important to optimise the number of passes through the forming tool. From the viewpoint of achieving the 

maximum grain refinement, it is necessary to make a larger number of passes through the forming tool when 

no further strengthening of the material occurs anymore (alloy CuZn37) but to recovery of plasticity by its 

increase takes place. After the 3rd pass through the forming tool the yield strength Rp0,2 practically does not 

increase. A significant increase of Rp0,2 was achieved already after the 1st and 2nd pass through the forming 

tool. Drop in plasticity is minimal after the first pass - only 5%, and after the second pass it makes 14%, which 

allows next forming operations on a strip of the sheet, and thus a production of the final components (hinges, 

brackets, clips for car locks, etc.). The future works will investigate the influence of technological and forming 

parameters (the thrust of rolls, strain rate) on a further increase of efficiency of the SPD process. 
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Abstract  

The paper presents computer modelling and experimental results of investigations on pushing through a 

conical die process of round bars. The calculations were carried out using the commercial code QFORM-2D, 

based on the Finite Element Method (FEM). The investigations involved the use of circular sectioned S355 

(1.0577) steel segments of rods with diameter of 9 mm. Result of calculations of pushing through a conical die 

process were validated against experimental data in terms of changes in forces for different elongation factors 
(λ1 = 1.24, λ2 = 1.37, λ3 = 1.57). The aim of the paper is to compare the experimental and computer modelling 

changes in forces for different degree of deformations. The results of investigations into pushing through a 

conical die process might be used as guidelines to develop a technological process for industrial practice. 

Keywords: FEM, conical die, S355 steel 

1. INTRODUCTION 

Different conventional methods of metal forming are employed while manufacturing stepped parts or reducing 

the cross section of the shafts and round bars. Drawing, forging with the use of swaging machines and cross 

rolling are used in industrial practice [1-3]. In the 1970s, Marciniak Z. and Kopacz Z. developed a cold rolling 

method which allowed forming of cylindrical gears, involute splines and other circular profiles [4]. The most 

essential features of the WPM method, distinguishing it from other known methods, involve the use of two 

circular segments as the tools and the adoption of a kinematics that allows one-directional rolling with a 

symmetrical system of forces relative to the axis of the rolled material. In the case when the jaws with internal 

smooth rolling surfaces are used as the tools, it is possible to reduce the cross section of the shafts and tubes. 

The maximum initial diameter of shaft from medium steel to be reduced is 30 mm [4]. Relative new 

manufacturing technologies of stepped parts are cross-wedge rolling and rolling-extrusion forming process [5]. 

In the process of rotary forcing, material is formed by means of three rotational tools. The charge is provided 

by means of a pusher pushing the billet in a working space between the profiled rolls [5]. 

A place of applying force causing deformation is the main difference between pushing of material through a 

die process and drawing process. The force is acting in the entry zone of material in pushing process. Principal 

stresses depend on yield point (mechanical properties) and degree of deformation of material [1,6]. The 

deformation ratios of material for drawing process and pushing of material through a die process in industrial 
practice is determined by elongation factor λ. It is given by formula [1,2,4,6]: 

2

1

2

0

1

0

d

d

A

A
==λ

               (1) 

where: 

A0 - cross sectional area of the billet (mm2) 

A1 - cross sectional area of the material after deformation (mm2) 
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d0 - the diameter of the billet (mm) 

d1 - the diameter of segment of rods after deformation (mm) 

The process of pushing of material through a die has been reported in some studies [2,3,5]. Those covered 

experimental investigations. 

The paper presents computer modelling and experimental results of investigations on pushing through a 

conical die process of round bars made from S355 steel. The aim of the paper is to compare the experimental 

and computer modelling changes in forces for different degree of deformations. The deformation ratios of 
material were defined as elongation factor λ and relative strain εl. Relative strain was given by formula [6]:  

0l

l
l

∆
=ε                 (2) 

where: 

∆l - displacement of the punch (mm) 

l0 - length of the material before deformation (mm) 

2. METHODOLOGY 

Calculations of metal flow and study changes in loading were carried out with commercial code QFORM2D 

based on Finite Element Method (FEM). The deformed material is considered to be incompressible rigid-plastic 

continuum and elastic deformations are neglected. The system of governing equations includes the following 

[7]:  

• equilibrium equation  

0, =jijσ
                (3) 

• compatibility conditions 

)(
2

1
,, ijjiij ννε +=

•

              (4) 

• constitutive equation 

ijij

•

•= ε
ε

σ
σ

3

2'

               (5) 

• incompressibility equation 

0, =iiν
                (6) 

• expression for flow stress 

),,( T
•

= εεσσ                (7) 

where: 

ijσ
 - components of stress tensors (MPa) 

ij

•

ε  - components of strain-rate tensors (-) 

iν
 - velocity components (m/s) 
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'

ijσ
 - deviatoric stress tensor (MPa) 

σ  - effective stress (MPa) 

ε  - strain (-) 

•

ε  - strain rate (1/s) 

T - temperature (°C).  

In equations 3 - 7, summation convention is used. The prime denotes a derivative with respect to the axis 
following it. The indexes i and j for two-dimensional problems vary from 1 to 2, and repeated subscript 

represents summation. The friction model proposed by Levanov et. al [7] is used for the contact region of 

workpiece surface. Equation (8) can be considered as a combination of the constant friction model and the 

Coulomb friction model. The formula combines the advantages of both models [7]: 

)25,1exp(1(
3 σ

σσ n
t mF −−=

             (8) 

where: 

m - the friction factor 

nσ
 - the normal contact pressure (MPa). 

The flow stress characteristics were given as a function of the strain rate. On the basis of literature data [8] 

function was adopted for numerical modelling of pushing through a conical die process of round bars made 
from S355 steel. Chemical composition of material [9] is shown in Table 1. 

Table 1 Chemical composition of S355 steel [9] 

C (%)  Mn (%) P (%) S (%) Si (%) 

0.23 max. 1.60 max. 0.05 max. 0.05 max. 0.05 max. 

  

Figure 1 Tool for pushing through a conical die process, 

where: 1 - workpiece, 2 - conical die, 3 - punch,  

4 - holder of the die 

Figure 2 The shape and main dimensions  

of conical die  

The investigations into pushing through a conical die process involved the use of circular sectioned S355 steel 
segments of rods with diameter d0 = 9 mm and length l0 = 23 mm. The experimental part of the research was 

conducted at a special stand which included the following: 

• a tool for pushing through a die process of round bars equipped with replaceable conical dies,  
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• ZD100 testing machine modified by LABORTECH, 1 MN force (the machine is compliant with 
metrological requirements for Class 1 and was calibrated as per PN-EN ISO 7500-1:2005),  

• a computer stand with Test&Motion software (LABORTECH) to measure forces and displacements. 

Figure 1 shows the diagram of the press tools for pushing through a die process of round bars used in the 

experiment. Conical dies with different diameter of sizing portion of a die (d = 7.1 mm; 7.6 mm and 8.0 mm) 

were made from sintered carbides in steel die cases. The shape and main dimensions of conical dies used in 
this investigation are presented in Figure 2. 

3. RESULTS AND ANALYSIS 

The numerical and experimental investigations produced round bars with different nominal diameter:  
d1 = 8 mm, 7.6 mm and 7.1 mm; which corresponded to different elongation factors: λ1 = 1.24, λ2 = 1.37,  

λ3 = 1.57, respectively. Results of the simulation process showed that the model of boundary conditions, 

presented in previous chapter, proved adequate. To analyze metal flow in the computer program, the flow lines 

were imposed. They formed a grid that made it possible to view the displacement and distortion of the metal 

selected volumes in deformations. In the simulation, ten inner flow lines along the 0X and 0Y axes were 

assumed. Numerically calculated last stages of pushing through a conical die process of round bars made 

from S355 steel for different elongation factors at the same displacement of the punch ∆l = 8 mm are presented 

in the Figure 3. At this displacement it was possible to receive the cylindrical part of initial material without any 

changes for elongation factors λ1 = 1.24 and λ2 = 1.37 but it started in the formation of a barrel in this part for 

factor λ3 = 1.57. That was confirmed by the tests carried out at stand with ZD100 testing machine. 

The patterns of changes in loads obtained from computer modeling and experimental investigations of pushing 

through a conical die process of round bars made from S355 steel for different elongation factors are presented 

in Figure 4. In the graphs, ∆l denotes the displacement of punch. Both in experimental and modeling 

investigations, the axial force increased together with an increase in the displacement of the punch ∆l and 

relative strain εl. εl 

The analysis of changes in numerically calculated (Figure 4 a) and experimental (Figure 4 b) loads in pushing 

through a conical die process indicates that as the forming process advances in time, which is represented by 

an increase in the displacement ∆l (or relative strain εl), the force increases at different elongation factors. 

a) b) c) 

  
 

Figure 3 Numerically calculated last stages of pushing through a conical die process of round bars 

made from S355 steel for different elongation factors: a) λ1 = 1.24, b) λ2 = 1.37, c) λ3 = 1.57).  
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a) b) 

  

Figure 4 Comparison between computer calculated (a) and experimental (b) changes in forces for 

different elongation factors 

The maximum values of loads obtained in pushing through a conical die process of round bars made from 

S355 steel were analyzed. The values were received at displacement ∆l = 8 mm and relative strain εl = 0.35 

for different elongation factors λ. On the basis of the comparative analysis of forces, it was possible to state 

that the maximum experimental values of forces were greater that those obtained numerically for elongation 
factors λ1 = 1.24 and λ2 = 1.37. The differences ranged from 10 % to 30 % at relative strain εl = 0.35. For 

elongation factor λ = 1.57, the maximum of numerically calculated value of force was greater than those 

obtained experimentally (the difference between the maximum values of forces did not exceed 22 %) at the 
same relative strain εl. 

The greatest force values were recorded in investigations at the maximum elongation factor λ3 = 1.57 

(calculated load F = 65.7 kN and experimental value F = 51.06 kN) whereas the lowest for λ1 = 1.24 (calculated 

load F = 29.3 kN and experimental value F = 41.92 kN). The relative difference between those values was 

approx. 55 % for computer modelling and approx. 18 % for experiment, respectively.  

4. CONCLUSION 

On the basis of investigations carried out into pushing through a conical die process of round bars made from 

S355 steel for different elongation factors, it can be stated as follows: 

1) It was possible to conduct pushing through a conical die process of round bars made from S355 steel 
for elongation factors: λ1 = 1.24 and λ2 = 1.37 at relative strain εl = 0.35. For assumed maximum value 

of factor (λ3 = 1.57) the round bar was upsetting. The 2D FE model successfully described the pushing 

through a conical die process of round bars. 

2) The pattern of changes in loads obtained from computer modeling of pushing through a conical die 

process of round bars at different elongation factors was very similar to experimental force profiles. The 

differences between the maximum values of experimental and numerical forces did not exceed 30 %.  

3) Both in experimental and modeling investigations, the axial force increased together with an increase in 

the relative strain εl (displacement of the punch ∆l) and elongation factors λ. The minimum experimental 

force value obtained for elongation factor λ1 = 1.24 is lower by approx. 18 % than the force value obtained 

for λ3 = 1.57 (at the same relative strain εl = 0.35). The relative difference for numerical calculated force 

values was approx. 55 % (between minimum and maximum elongation factors). 
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Abstract  

The peak point coordinates (i.e. peak stress, peak strain) play a significant role in case of a flow curve 

description. These coordinates are strongly dependent on the temperature and strain rate, so they need to be 

related to these thermomechanical circumstances before use in the flow stress models. In this research, the 

experimental peak point coordinates of the C45 and 38MnVS6 steels were described in a wide range of 

thermomechanical conditions by use of two different methodologies. The first one was based on the ordinary 

predictive relationships utilizing the well-known Zener-Hollomon parameter. The second one was based on 

the artificial neural network approach. The aim was to compare appropriateness of these methods. The results 

have suggested better aptness in case of the assembled neural networks. 

Keywords: Peak point coordinates, predictive relationship, artificial neural network 

INTRODUCTION  

The peak point coordinates (i.e. peak stress, σp, and 

peak strain, εp) describe the maximum flow stress level 

(peak point) of hot flow curves; see Figure 1 [1]. It is 

well known, these curves express the dependence of 

natural flow stress of formed (e.g. rolled, forged, etc.) 

material on the magnitude of strain under various 

levels of thermomechanical conditions (i.e. strain 

rates, temperatures). Flow curves are commonly 

assembled from the experimentally acquired data 

(based on compression or torsion tests) [2]. 

Experimentally compiled curves are usually 

mathematically described because of further computer 

simulations. The peak point coordinates then play a 

substantial role in case of this description - they are 

implemented into the so-called flow stress models [3]. 

The peak point coordinates are dependent on the magnitude of strain rate and temperature - that means they 

need to be related to these thermomechanical variables before use in the flow stress models. Different 

approaches can be then used to describe these coordinates. Commonly used methodology utilizes the known 

predictive relationships, which can be treated by regression methods [4]. These relationships usually relate 

the examined coordinates to the well-known Zener-Hollomon parameter (connecting the mutual effect of 

temperature and strain rate). Another (often more reliable) approach is to use of intelligent algorithms, such as 

artificial neural networks (ANN) [5]. The aim of this paper is to compare reliability of commonly used equations 

of peak point description with the artificial neural network approach. Experimental values of the peak point 

coordinates of the C45 and 38MnVS6 steels will be used for the purpose of this investigation.  

Figure 1 Examples of hot flow curve types and 

related peak point coordinates [1] 
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1. EXPERIMENTAL MATERIALS 

The experimental peak point coordinates of the C45 medium-carbon steel and of 38MnVS6 micro-alloyed steel 

were obtained from the experimental flow curves of the examined steels. These curves were assembled on 

the basis of the uniaxial hot compression datasets. Whole experimental procedure was in detail described 

previously in [6] for the C45 steel and [7] in case of the 38MnVS6 steel, respectively. The range of the tested 

thermomechanical conditions of the C45 steel was as follows: Temperatures of 1553 K, 1473 K, 1373 K, 

1273 K and 1173 K and the strain rates of 0.1 s−1, 1 s−1, 10 s−1 and 100 s−1. The range of the tested 

thermomechanical conditions of the 38MnVS6 steel was as follows: Temperatures of 1553 K, 1473 K, 1373 K, 

1273 K and 1123 K and the strain rates of 0.1 s−1, 1 s−1, 10 s−1 and 100 s−1. So, there are twenty combinations 

of the thermomechanical parameters (thus twenty peak point coordinates) for the both examined steels.  

2. PEAK POINT DESCRIPTION BY THE COMMONLY USED RELATIONSHIPS 

The peak point coordinates, i.e. the peak strain, εp (-), and the corresponding peak stress, σp (MPa), see 

Figure 1, belong to the temperature, T (K), and strain rate, Éz (s−1), dependent parameters. Mutual effect of 

these variables is commonly expressed by the Zener-Hollomon parameter, Z (s−1) [8]: 

� �  Éz ⋅ exp ³ �
W⋅H´ (1) 

The 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 peak strain and peak stress values could be then described in wide range of thermomechanical 

conditions as follows from the equations (2) and (3) [9]: 

É� � © ⋅ �õ (2) 

Õ� � D! ⋅ arcsinh �"
b

�
 (3) 

In the above mentioned equations, A (s−1), a (-), b (-), n (-) and α (MPa−1) are material constants. The 

calculation of a and b is treated by regression analysis of the equation (2). The calculation of A, n, Q and α 

can be done by the regression analysis of Garofalo equation; in detail discussed in [9].  

The values of εp and σp were calculated for all sets of the thermomechanical circumstances of the both 

examined steels via the equations (2) and (3). All required material constants of these equations are presented 
in Table 1. 

Table 1 Material constants of the relationships predicting the peak point coordinates 

Material A (s−1) a (-) b (-) n (-) Q (kJ·mol−1) α (MPa−1) 

C45 3.96·1011 3.3·10−3 0.2 4.3 292 9.5·10−3 

38MnVS6 3.25·1012 2.5·10−3 0.2 4.6 316 8.6·10−3 

3. PEAK POINT DESCRIPTION BY AN ARTIFICIAL NEURAL NETWORK APPROACH 

An artificial neural network (ANN) approach belongs among so-called intelligent algorithms. These methods 

bring remarkable results on the field of nonlinear tasks [5, 10]. Multi-layer Feed-Forward Artificial Neural 

Network with the Back-Propagation (BP) learning algorithm is the most used type of ANN in case of the material 

modeling [11, 12]. This type of ANN was used to create four neural networks - two networks for each of the 
examined steels (always one network to predict of ep-values and one to predict of σp-values). Architecture of 

the created networks was quite simple. Each network connects the input variables (temperature and strain 

rate) with the output variable (peak strain or peak stress) via set of artificial neurons arranged in three layers, 
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see Figure 2. The input layer includes two neurons. These neurons are associated with the vectors of the 

input variables - no calculations run inside of them. The neurons of the input layer are connected with the 
neurons in the one hidden layer via set of synaptic weights (wij), and the neurons of the hidden layer are then 

connected with the one neuron in the output layer via another set of weights (wjk) (the output of this neuron is 

the vector of predicted output variable). Each neuron of the hidden and output layer is further linked with a 
unique bias value (bj, bk). Neurons of the hidden and output layer are activated by the proper transfer function; 

nonlinear in case of the hidden layer and pure linear in the output layer, respectively. The processes inside of 

the network can be divided in two basic steps. The first one is the feed-forward of the function signal; 

mathematically described in [13]. The second one is the back-propagation of an error signal to enable the 

following network training [14].  

 

Figure 2 Schematic illustration of the used artificial neural network architecture 

The aim of the network training is to minimize a performance function to achieve reliable results. In this 

research, the performance function was set as the mean square error (MSE) [12]: 

MSE � D
� ⋅ ∑ �k��&���D  (4) 

The n represents the number of data points involved in calculations, Ei is the i-th absolute error of the output 

layer neuron (i.e. difference between the network output and target value) [12]. The minimization process 

involves a searching of an appropriate set of the weights and biases to get a low MSE value [14]. The process 

of minimization was performed by the Levenberg-Marquardt optimization algorithm [15, 16]. 

However, as the very first step (before the network assembly), it is highly important to split the experimental 

dataset into three parts - Training set (ca. 60 %) to train the network, Validation set (ca. 20 %) to validate 

network response during training process, and Testing set (ca. 20 %) to verify the network prediction capability 
out of the training range [17]. Table 2 clearly shows the split of datasets of the experimental values of the 

examined steels - training set, validation set and testing set, respectively.     

Table 2 Split of the datasets of the experimental values of peak point coordinates 

C45 / 38MnVS6 1553 K 1473 K 1373 K 1273 K 1173 K / 1123 K 

0.1 s−1 X X X X X 

1 s−1 X X X X X 

10 s−1 X X X X X 

100 s−1 X X X X X 
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It must be mentioned that the values of the input variables entering the input layer are distributed in distinct 

ranges and even dimensions. This fact then leads to a poor convergence speed and prediction accuracy of 

neural network. Therefore, it is important to normalize these data to ensure they will be dimensionless and in 

an approximately same magnitude [13]. In this research, the normalization process was performed as 

described in [17, 18]. 

The key factor influencing the network performance is the number of neurons in the hidden layer. To determine 

an ideal number of hidden neurons it is necessary to train the network for various numbers of neurons in the 

hidden layer. Then, it is possible, based on the returned results, to reveal an appropriate form of the network 
architecture [12, 13]. Figure 3 graphically displays the influence of neuron number in the hidden layer on the 

magnitude of MSE for the case of the each trained network. The appropriate number of hidden neurons of 

given network is, of course, clearly identified by the lowest value of MSE. 

  

Figure 3 Performance of the assembled artificial neural networks at different hidden  

neuron levels 

4. ASSESSMENT OF THE PERFORMANCE OF SURVEYED APPROACHES 

In order to evaluate the prediction capability of the examined approaches, the relative percentage error, η (%), 

is introduced to compare deviations between experimental and calculated peak point coordinates in case of 

each combination of temperature and strain rate. The i-th error, ηi (where i = [1, 20] ⊂ ℕ), is expressed as [12]:  

n� � °�¯���°�
°�

⋅ 100 (5) 

In the equation (5), yi is the i-th experimental value of an examined peak point coordinate and the y(xi) is the 

i-th calculated value [12]. The η-values of the peak point coordinates are compared in case of both approaches 

in Figure 4. In case of the 38MnVS6 steel, the η-values of the peak strain are held below of 10% border with 

regard to the ANN approach. While, in case of equation (2), the 10% border is overcome in many cases - in 
one case, the η-value reaches even of 67.80 %. Similar behavior can be observed also in case of the C45 

steel. In case of the ANN approach, the η-values of the peak strain, with exception of three cases, are again 

held below of 10% border. With regard to equation (2), almost all of the η-values are out of the 10% range, 

and one of them reaches even of 60.44 %. Quite different behavior can be observed with regard to the 

description of the peak stress values. It seems like using the classic equation (3) brings slightly better 
performance then ANN approach. Note, the larger range of η-values does not mean the poorer performance. 

For this reason, two other indicators, namely average value of η-values (μ) and standard deviation (σ), are 

further used to augment the evaluation [12]: 

& � D
� ⋅ ∑ n����D  (6) 
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Õ � �D
� ⋅ ∑ �n� � &�&���D  (7) 

  

  

Figure 4 Comparison of relative percentage error of predicted values of the peak point coordinates  

with the experimentally acquired 

The n is the sample number of relative percentage error (n = 20). Average value, μ, measures the magnitude 

of the dataset, whereas standard deviation, σ, denotes the degree of dispersion and provides an idea of how 

close the entire dataset is to the average value. The μ-value going to zero and low value of σ imply high 

accuracy of description [12]. As shown in Figure 4, μ-values and σ-values of the ANN description are more 

favorable in comparison with the standard equations (2) and (3). However, the exception can be found in case 

of the peak stress description with respect to 38MnVS6 steel. This fact is confirmed by the graphical 
presentation of the η-scatter. 

5. CONCLUSION 

Peak point coordinates (i.e. peak strain and peak stress) of the experimental flow curves of the C45 and 

38MnVS6 steels were mathematically described by two different approaches. The first one is based on the 

widely used relationships describing the peak point coordinates with respect to the well-known Zener-Hollomon 

parameter (connecting the mutual effect of temperature and strain rate). The second one utilizes the multi-
layer feed-forward artificial neural networks with the back-propagation learning algorithm. It can be concluded, 

based on the achieved results, the neural network approach exhibits mostly better prediction capability. So, 

the peak point coordinates predicted by the neural network approach can be then appropriate to use in the 

process of modeling of given flow curves via known flow stress models.  
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Abstract 

The paper investigates the influence of hot-working parameters on the course of thermally activated dynamic 

and static processes in HSLA (High Strength Low Alloy) constructional steel, containing 0.17 % C, 

1.37 % Mn and microadditions of Nb, Ti, V in the amounts of 0.025 %, 0.004 % and 0.019 %, respectively. 

In order to determine the stess - strain curves and the kinetics of recrystallization of plastically deformed 

austenite, the Gleeble 3800 thermomechanical simulator was used. Specimens were tested in the temperature 

range from 900 to 1000°C, at the deformation rate of 3 s-1. Microstructure of primary austenite was revealed 

after two-stage compression of samples with given strain, with isothermal holding for the period from 0.2 s to 

120 s; the activation energy of plastic deformation process of examined steel was determined. Obtained 

research results will allow to develop the technology of HSLA type microalloyed steel metal plates with the 

method of thermomechanical treatment - recrystallization controlled rolling. 

Keywords: HSLA-type steels, thermomechanical treatment, austenite, dynamic recrystallization 

1. INTRODUCTION 

Knowledge of recrystallization rate as a function of temperature and size of grains formed during this process 

in steel, previously plastically deformed under given conditions, has an essential meaning for the design of 

industrial technologies of hot working, ensuring manufacture of metallurgical products not only with correct 

geometric form, dimensional tolerances and surface finish, but also with required mechanical properties. 

This applies, in particular, to multi-pass rolling of constructional steels, during which the softening of strain 

hardening in the intervals between final roll passes and during cooling of products from the finish temperature 

of this treatment occurs as a result of static recovery and static recrystallization [1-4]. 

Particularly useful technology of metallurgical products with high mechanical properties, assigned in a wide 

range for HSLA-type microalloyed steels, is a method of thermomechanical processing which integrates hot 

working with direct controlled cooling of products from the finish temperature of this treatment or after 
isothermal holding for t0.5 (s) time [5-7]. The methods of thermomechanical processing are energy-saving ways 

of producing, for example, weldable plates with high strength and guaranteed crack resistance at reduced 

temperature, pipes, long shaped products, forgings and other, omitting expensive heat treatment or its 

limitation only to tempering or ageing, e.g. in case of steel with copper [8, 9]. 

The aim of the presented paper was to investigate the influence of hot-working parameters on the course of 

thermally activated dynamic and static processes in HSLA (High Strength Low Alloy) constructional steel. 

2. EXPERIMENTAL PROCEDURE 

The research was done on low-carbon toughening steel, containing (in wt. %): 0.17 C - 1.37 Mn - 0.26 Si - 
0.012 P - 0.001 S - 0.24 Cr - 0.05 Ni - 0.48 Mo - 0.019 V - 0.025 Nb - 0.004 Ti - 0.059 Al - 0.004 N - 0.002 

B. 
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Plastometric tests were carried out in Gleeble 3800 thermomechanical simulator, on axisymmetric samples 

with diameter of 10 mm and length of 12 mm. In order to determine the stress - strain curves and activation 

energy of plastic deformation process, continuous compression tests were performed on samples to the actual 

strain 1. Specimens were resistance heated under vacuum at the rate of 3 °C·s-1 up to the temperature of 

1,150 °C, held at the temperature for 30 s and cooled to the temperature of deformation equal 1,100 °C;  

1,050 °C; 1,000 °C; 950 °C and 900 °C. Compression of samples was carried out at a strain rate of 3 s-1. The 
activation energy of the plastic deformation process Q (kJ·mol-1) was calculated using the Energy 4.0 software 

[10]. 

In order to determine recrystallization kinetics of plastically deformed austenite, discontinuous compression 

tests of samples with applied two-stage plastic deformations (ε1 = ε2 = 0.2) were performed in a temperature 

range from 900 to 1,100 °C with isothermal holding of specimens between deformations for 0.2 s, 0.5 s, 2 s, 5 

s, 10 s, 20 s, 60 s, 90 s and 120 s. Samples after the second deformation were cooled in water. The degree 
of strain hardening softening (softening fraction X (%)), was determined basing on the dependence: 

' � �ÕD � Õ&�
�ÕD � Õf� (1) 

where:  

σ0, σ1 - the stresses necessary to initiate plastic strain and its value at the moment of its finish in the 

first stage of deformation, respectively, 

σ2 - the stress necessary to initiate plastic strain in the second stage of deformation after ∆t (s) time 

passed between those stages. 

Recrystallization kinetics of plastically deformed austenite was described with the use of the Johnson-Mehl-

Avrami equation [11]. Metallographic observations of samples, cooled in water after two-stage plastic 

deformation, were performed on LEICA MEF4A light microscopy in the range of magnifications from 100 to 

500x. Etching into primary austenite grain was carried out in saturated aqueous solution of picric acid at the 

temperature of 70 °C. 

3. RESULTS AND DISCUSSION 

Conducted continuous compression tests of samples performed at a strain rate of 3 s-1 allowed to determine 

the influence of plastic deformation temperature in a range from 1,100 to 900 °C on the form of stress - strain 

curves and εm (-) strain, corresponding to the maximum value of yield stress (see Figure 1), and hence to 

estimate strain necessary to initiate dynamic recrystallization of austenite (εcd ≈ 0.8 · εm) under investigated 

conditions. The data presented in Figure 1 shows that along with temperature decrease, strain values εm move 

towards larger strains. 

Decreasing the temperature of plastic deformation from 1,100 °C to 900 °C leads to increase of maximum yield 

stress σm from 118 MPa to 209 MPa and the strain εm from 0.26 to 0.69. The analysis of the form and the 

course of curves obtained in the compression test allows to state that in the studied range of hot plastic 

deformation parameters the decrease of strain hardening is caused by the process of dynamic recrystallization. 

Determined activation energy of plastic deformation process of investigated steel is equal Q = 397 kJ∙mol-1. 

Comparable values of plastic strain activation energy for HSLA-type microalloyed steels with similar chemical 

composition were obtained in [12-14]. The value of activation energy of hot-working obtained for investigated 

steel is substantially higher than activation energy of selfdiffusion (creep), when the processes which control 

the course of plastic deformation are dislocation climbing and formation of subgrains. It means that the process 

of plastic deformation of the investigated steel is controlled by dynamic recrystallization. 
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Figure 1 Influence of plastic deformation temperature on a shape of stress - strain curves 

Conducted discontinuous compression tests of specimens at given strain revealed, according to expectations, 

that there is a partial and even complete softening of strain hardening during isothermal holding between two 

stages of deformation, depending on strain temperature and the time of isothermal holding. It’s a consequence 

of the course of static recovery and static recrystallization. Detailed data on the kinetics of austenite 

recrystallization in the intervals between two stages of plastic strain at the rate of 3 s-1, comparable to the 
deformation rate used in the rolling process of plates, is shown graphically in Figure 2. 

 

Figure 2 Effect of the test temperature on the softening fraction of plastically deformed austenite 

It can be concluded from the data summarized in Figure 2, that inhibiting effect of the constituents introduced 

into the steel on the course of recovery process and static recrystallization of austenite is particularly effective 

after lowering the temperature of plastic deformation to 900 °C. At this temperature, dissolved in solid solution, 

there is Cr, Mo and partially vanadium microaddition, while Nb and Ti microadditions are bound into carbides 
and carbonitrides. The time of complete recrystallization of austenite tR (s) at the temperature of 1,100 °C is 

equal 50 s and extends to 400 s at the temperature of 900 °C. In turn, the time t0.5, required to form 50 % 

fraction of recrystallized austenite of steel deformed in the same temperature range, increases from 9 s to  
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60 s. Increase of time of recovery and static recrystallization of austenite is a result of synergistic effect of 

segregation of atoms dissolved in solid solution and MX-type dispersive particles of interstitial phases. 

Metallographic examinations of samples quenched in water after two-stage plastic deformation in the 

temperature range from 900 °C to 1,000 °C for a given value of strain equal to 0.2 and isothermally held for 

0.2 s to 120 s, revealed good correspondence with the course of the recrystallization kinetics curves. It was 

found that the size of recrystallized austenite grains depends significantly on the temperature of deformation 

and the time of isothermal holding. Austenite microstructure of specimens compressed at the strain rate of  
3 s-1 at the temperature of 900 °C, after isothermal holding for 10 s to 120 s is shown in Figure 3. 

 

Figure 3 Prior austenite grains revealed after two-stage compression test at the temperature of 900 °C 

applying time intervals between deformation steps in range from 10 s to 120 s 
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Performed metallographic observations revealed clear differences in size of austenite grains in the outer zone 

of samples and in the core, which is the result of heterogeneous deformation distribution on sample cross-

section. Moreover, in highly deformed zone of samples, dark bands propagating in the direction of deformation 

were observed, possibly being deformation (shear) bands formed as a result of inhomogeneous plastic 

deformation. Similar effects of inhomogeneous deformation were revealed in constructional steels [15-17], as 

well as in non-ferrous alloys [18] and in pure metals [19, 20]. Diversified size of austenite grains on the cross-
section of sample deformed at the temperature of 900 °C after isothermal holding for 58 s (X = 50 %), before 

quenching in water, is presented in Figure 3c. The middle zone of the sample with distinct deformation bands 

visible in Figure 3c exhibits fine grained austenite microstructure with grain size of approx. 15 µm, passing 

into coarse grain microstructure of this phase with a grain size of approx. 35 µm in the outer zone of the sample 
(see Figure 3d). Extending the isothermal holding time at this temperature to 120 s (X = 85 %) leads to 

formation of almost completely recrystallized austenite microstructure with grain size of approx. 8 µm with 

distinct blur effect, revealing the presence of deformation bands (see Figure 3f). In some areas of penetration 

of discussed bands through grain edges, i.e. at the contact points of three grains, there are very fine grains - 
probably recrystallization nucleuses (arrows in Figure 3c and Figure 3e). It should be assumed that disclosed 

bands have high dislocation density and, in interaction with deformation in the edge region of grains, create 

favourable conditions for formation of recrystallization nucleuses. 

CONCLUSIONS 

Analysis of the shape and the course of stress - strain curves, obtained in the compression test, allows to 

conclude that in the examined range of hot plastic deformation parameters the main thermally activated 

mechanism controlling the process of plastic deformation is dynamic recrystallization of austenite. This is also 

confirmed by evaluation results of activation energy of plastic deformation process of examined steel.  

Compression is a heterogeneous process leading to accumulation of deformation in successive cycles, to 

formation of shear bands with high dislocation density in austenite, the presence of which provides 

advantageous conditions for formation of recrystallization nucleuses. 

Chemical composition of the steel, particularly the interaction of Mo, Cr, and microadditions of Nb and Ti, 

decides that thermally activated processes, resulting in softening of strain hardening of austenite after plastic 
deformation, occur relatively slowly, hence the time t0.5, necessary to form 50 % fraction of recrystallized 

austenite and tR - complete recrystallization of the phase is long, especially in the lower range part of hot 

working. Knowledge of tR and t0.5 times is necessary to design steel plates rolling with controlled 

recrystallization, with complete recrystallization of austenite in the intervals between successive roll passes 

and formation of at least 50 % fraction of recrystallized austenite after plastic working is done, prior to their 

hardening from rolling finish temperature. 

Obtained research results allow to develop industrial technology of steel plates with high mechanical properties 

of investigated steel with the method of thermo-mechanical treatment - recrystallization controlled rolling. 
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Abstract 

Accumulative roll bonding (ARB) is one of the severe plastic deformation methods of producing ultrafine 

grained laminated metal composites (LMCs). This paper is focused on LMCs consisting of dissimilar bimetal 

system of aluminum alloys AA1050/AA6061. One difficulty of roll bonding two dissimilar materials is obtaining 

of elevated strain at the interface of the composite in order to provide the ultrafine grain structure and superior 

bonding strength between the stacked layers. Compared to conventional ARB the asymmetric accumulative 

roll bonding is more appropriate for the production of dissimilar bimetal composites. This paper presents the 

results of the finite element simulation and comparison of strain behavior during symmetric and asymmetric 

accumulative roll bonding of AA1050/AA6061 bimetal composites at cryogenic temperature. Influence of rolls 

speed ratio (5…50 %) and contact friction coefficient (0.1…0.4) on strain distribution through composite 

thickness, especially on interface between the AA1050 and AA6061 layers, during asymmetric ARB were 

analysed by FEM in details. 

Keywords: Finite element method, asymmetric accumulative roll bonding, cryogenic temperature, aluminum,  

        bimetal composite 

1. INTRODUCTION 

Accumulative roll bonding (ARB) is a severe plastic deformation (SPD) process invented in order to fabricate 

ultrafine grained (UFG) metallic materials [1]. In the ARB process, 50 % rolled material is cut into two, stacked 

and then rolled again. By repeating this procedure, very high strain can be introduced into the material and as 

a result significant structural refinement can be achieved. In order to obtain one body solid material, the rolling 

in ARB is not only a deformation process but also a roll-bonding process. Large-scaled sheets with laminated 

structures, which are denoted as laminated metal composites (LMCs), can be realized by ARB process [2]. 

ARB technique can be applied to generate LMCs consisting of layers of the same one material or several 

dissimilar materials. Aluminum alloys are particularly suitable for the ARB process due to its high light-weight 

potential and good cold roll-bonding capability. Lately, more and more studies have been focused on UFG 

LMCs consisting of bimetal systems fabricated by ARB, such as AA6014/AA5754 [3], AA1050/AA6061 [4], 

AA1100/AA7075 [5], AA5005/AA6061 [6], AA2219/AA5086 [7]. Compared to conventional ARB the 

asymmetric accumulative roll bonding can be more appropriate for the production of dissimilar bimetal 

composites. The difficulty of roll bonding dissimilar materials is necking and finally rupturing of the harder layer 

with increasing ARB cycles caused by the difference in plastic flow behavior. The main disadvantage of ARB 

process is a low productivity because of a lot of cycles needed for achieving of certain amount of strain and 

high bond strength. Since accumulative or effective strain “e” plays a key role in grain misorientation, an 

increase e may accelerate the evolution toward an ultrafine microstructure subdivided by high angle 

boundaries (HABs). In other words, if a certain amount of strain is required for the formation of ultrafine grains 

surrounded by HABs, an increase in e might result in a decrease in the number of passes and hence in a 

higher productivity of ARB process. Moreover, the grain refining effectiveness of the ARB process would be 

higher with increasing e. Finally, increasing e leads to a superior bonding strength between the stacked layers. 

In order to obtain a higher accumulated strain, the ARB process should have an additive shear component. A 

small amount of shear strain is observed for conventionally rolled materials because of contact friction between 
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sheet and rolls. However, during conventional ARB, shear strain is restricted only to the near surface region. 

Moreover, during conventional ARB the contact friction should be kept at a low level in order to prevent 

excessive rolling force. Elevated shear strain can be introduced into the material by asymmetric rolling in which 

the speeds of the top and bottom rolls are different [8-9]. Yu et al. [10] studied the bonding strength of ultrathin 

UFG bimetal foils produced using ARB followed by asymmetric rolling. The interface bonding strength was 

found to increase as the number of rolling passes increased. TEM inspection showed that the interface quality 

was the best when the roll speed ratio was 1.2. There were no noticeable residual voids at the interface of the 

AA1050/AA6061 bimetallic foils for this roll speed ratio; however, residual voids were observed when the roll 

speed ratio was 1.0 or 1.4. Combination of the ARB technique with asymmetric cryorolling and ageing was 

suggested in [11]. It was shown significant improvement in both the ductility and the strength of the processed 

AA6061 sheets in comparison with conventional ARB process. Investigation of asymmetric ARB of Al/Ti 

composite sheets was presented in [12]. Multi-layers of AA1050 and commercially-pure Ti sheets were 

alternatively stacked and rolled-bonded with varied roll diameter ratios ranging from 1 to 2, for up to four 

passes. Mechanical tests revealed that both tensile strength and ductility of the sheets increase systematically 

with applied asymmetry. It was shown that asymmetric ARB lead to a more refined grain size of the Al matrix 

and also it promotes the development of a nanostructured surface layer on Ti that comprised crystallites of 50-

100 nm in size, which were otherwise absent in the case of symmetric ARB. The asymmetrically processed 

sheets exhibited a larger thickness of the interdiffusion layer at the Al/Ti interfaces than the counterparts 

processed via the symmetric ARB route, the difference being in excess of 15% [12]. As shown by the literature 

review some experimental investigations on the microstructural and mechanical properties evolution of bimetal 

system of aluminum alloys processed by asymmetric ARB, including combination with cryorolling, have been 

already done. However, no research on finite element simulation of asymmetric ARB at cryogenic temperature 

has been found. The goal of this paper is the finite element simulation and comparison of strain behavior during 

symmetric and asymmetric accumulative roll bonding of AA1050/AA6061 bimetal composites at cryogenic 

temperature. 

2. RESEARCH METHOD 

Simulations of the asymmetric ARB was carried out using the commercial FEM code DEFORM 2D. The 
geometry model and FE meshing of asymmetric ARB process are shown in Figure 1. Bimetal composite 

consisted of AA1050 and AA6061 with an initial thickness of 0.5 mm each layer. So the bimetal composite was 

1.0 mm initial thick. Sticking boundary conditions, which prevented sliding or separation on interface between 

the AA1050 and AA6061 layers, were defined. Asymmetric ARB process was performed by a single pass with 

a thickness reduction of 50 %. So the final thickness of bimetal composite was 0.5 mm. The modeling of the 

process was performed at temperature of liquid nitrogen (77 K) without taking into account the increment of 

the metal’s temperature due to the thermal effect of deformation and friction. This assumption is applicable for 

conditions when the roll temperature is 77 K, and the rolling speed is very low, e.g., 1.0 rpm (≈1.0 m/min). The 

diameters of the rolls were 300 mm, and the rolls were considered as rigid. The bottom roll in contact with the 

AA6061 layer was rotated at the higher speed (1.0 rpm) in all calculation variants. Speed of the top roll in 

contact with the AA1050 layer was reduced by 5…50 % with step 5 %. A Coulomb friction model with constraint 

was used between rolls and strip in accordance with equation (1). 

fp kτ = ≤                (1) 

where: 

  τ  - frictional stress (MPa) 

  f  - friction coefficient 

  p  - contact pressure (MPa) 

  k  - shear yield stress (MPa) 
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The number of initial brick elements was about 3000 for each layer of AA1050/AA6061 bimetal composite. 

Very small finite elements with thicknesses of 5 micron on top and bottom surfaces as well as on interface 
between the AA1050 and AA6061 layers were generated (Figure 1). AA1100 and AA6061 were chosen as 

hardened rigid-plastic materials. The stress-strain curves of the materials at the temperature 77 K are shown 
in Figure 2. The stress-strain curves for 77 K were approximated with using data from [13]. 

 

Figure 1 Geometry model and FE meshing of AA1050/AA6061 bimetal composite during asymmetric ARB 

 
Figure 2 Stress-strain curves of aluminum alloys at 77 K 

Influence of rolls speed ratio (5…50 %) and contact friction coefficient (0.1…0.4) on strain distribution through 

composite thickness, especially on interface between the AA1050 and AA6061 layers, during asymmetric ARB 

were analysed by FEM in the present study. 

3. SIMULATION RESULTS AND DISCUSSION 

The increasing friction coefficient from 0.1 to 0.4 leads to increasing of the strain from 0.9 to 1.7 on the top 

surface of AA1050 layer and from 0.8 to 1.6 on the bottom surface of AA6061 layer of the composite during 
conventional ARB (Figure 3). However, the strain at the interface is varied little (Figure 4). Strain in the soft 

layer (AA1050) was higher than that in the hard layer (AA6061). Mean strain me  at the interface of thickness 

10 micron was considered at the exit plane from deformation zone (Figure 5) in accordance with equation: 
20

1

/ 20m i

i

e e
=

 
=  

 
∑               (2) 

where: 

 ie  - effective strain of point i  ( i  = 1-20, see Figure 5) 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

447 

Thereby the increasing friction coefficient during conventional ARB leads to serious increasing of the strain 

only at the top and bottom surfaces of the composite AA1050/6061, but the strain at the interface remains 

almost unchanged. Another situation occurs during asymmetric ARB with simultaneous increasing of the 

friction coefficient and the rolls speed ratio. The results of the numerical simulations have demonstrated that 

the right combination of friction coefficient and the optimal ratio of work roll speeds leads to very high mean 
strain at the interface (Figure 6), while the strain at the top and bottom surfaces of the composite remains 

almost unchanged. At low friction coefficient, e.g. f = 0.1, there is no effect of the rolls speed ratio on mean 
strain at the interface (Figure 6). 

  

Figure 3 Influence of friction coefficient on strain 

distribution through thickness of the composite 

AA1050/6061 during conventional ARB 

Figure 4 Influence of friction coefficient on 

mean strain at the interface of the composite 

AA1050/6061 during conventional ARB 

 

Figure 5 The field of effective strain and the selected points at the interface of the composite AA1050/6061 

(asymmetric ARB, f = 0.3, V∆ = 20 %) 

Increasing the contact friction leads to non-linear changing of the strain depending on the rolls speed ratio. At 

first the mean strain at the interface is increased to the maximum value with increasing of the roll speed ratio. 
However after reaching the optimal value the mean strain is sharply decreased (Figure 6). The optimal ratio 
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of the work rolls speeds corresponds to some friction coefficient, which together can provide the maximum 

mean strain at the interface (Figure 6). Mean strain at the interface can be increased up to me = 10…11 when 

friction coefficient f = 0.4 and the rolls speed ratio V∆ = 40…45 %. 

 

Figure 6 Influence of the rolls speed ratio and the friction coefficient on mean strain at the interface 

of the composite AA1050/6061 during asymmetric ARB 

Detailed description of strain distribution through thickness of the composite AA1050/6061 during asymmetric 
ARB with different rolls speed ratios and high friction (f = 0.3) is shown in Figure 7. The increasing the rolls 

speed ratio from V∆ = 0 to V∆ = 40 % leads to decreasing of strains from e ≈ 1.6 to e ≈ 1.1 on the top surface 

of AA1050 layer (Figure 7a) and from e ≈ 1.5 to e ≈ 1.2 on the bottom surface of AA6061 layer (Figure 7c). 

At the same time the strain at the interface in soft material (AA1050) is extremely increased up to e ≈ 40 while 

the strain in hard material (AA6061) remains almost unchanged (Figure 7b). Since the strain at the interface 

can be seriously increased, than the ultrafine grain size and the superior bonding strength between the stacked 

layers are expected during asymmetric ARB. 

 

Figure 7 Influence of the rolls speed ratio V∆  (%) on strain distribution through thickness of the composite 

AA1050/6061 during asymmetric ARB (f = 0.3): a - layer of AA1050, b - interface, c - layer of AA6061 

4. CONCLUSION 

The increasing friction coefficient from 0.1 to 0.4 during conventional ARB leads to serious increasing of the 

strain only at the top and bottom surfaces of the composite AA1050/6061, but the strain at the interface remains 
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almost unchanged. Elevated strain can be introduced at the interface of the composite AA1050/6061 by 

asymmetric ARB in which the speeds of the top and bottom rolls are different. It was numerically shown that 

the strain in soft material (AA1050) of the interface can be extremely increased up to e ≈ 40 while the strain in 

hard material (AA6061) remains almost unchanged and is about e ≈ 0.8…1.0. Since the strain at the interface 

can be seriously increased, than the ultrafine grain size and the superior bonding strength between the stacked 

layers are expected during asymmetric ARB. Cryogenic conditions can be used for increasing ductility of the 

processed materials and for increasing grain refinement. The FEM results of investigation of the influence of 

the rolls speed ratio and friction conditions on strain distribution through composite thickness, especially on 

interface between the AA1050 and AA6061 layers, can be useful for the development of the improved ARB 

process of AA1050/AA6061 bimetal composites with UFG structure and high bond strength. Further 

experimental investigations are required. 
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Abstract 

The method of determining the tendency to galling in microforming processes is introduced. The method 

consists in the drawing process of the strip with a width of 1-3 mm and a thickness of 0.3-1 mm using a 

cylindrical tool with a radius of 2.5 mm. The process force as a function of sliding distance is recorded. On the 

basis of the character of the force course, the coefficient of galling tendency is determined. The process is 

carried out in a specially designed device placed on the table of testing machine. The device is equipped with 

a piezoelectric vibrator that allows the tool to be vibrated in accordance with the tape drawing direction with 

adjustable frequency and amplitude. The stand has been tested statically and dynamically, achieving the 

assumed construction parameters, i.e. the vibration amplitude in the range of 0-10 µm and the frequency 0-

300 Hz. In the initial tests carried out, the effect of using vibrations with specific parameters on the tendency 

to galling and the surface condition of deformed materials was found. 

Keywords: Microforming, galling, vibration-assisted 

1. INTRODUCTION 

The development of micro-electromechanical systems and micro-opto-electromechanical systems as well as 

various types of micro-mechanisms used in telecommunications, defence and medicine causes a rapid and 

accelerating increase in the demand for micro-parts. A large part of them can be made of metals and their 

alloys [1]. The technology of metal forming due to its characteristic feature which is the creation of the surface 

of objects by means of plastic deformations, and not through the loss of material consistency, is particularly 

suitable for the production of miniature parts with high accuracy and low surface roughness [2]. Proven for 

centuries the law and successfully used practical methods have proved to be insufficiently accurate or even 

incorrect in the application of plastic deformation of miniature objects. The observed deviations were called 

"size/scale effects" [3]. They concern not only such aspects of forming processes as: grain size [4,5] , friction 

[6,7] and cracking of deformed material [8] but also the design of tools [9]. For this reason, at the end of the 

last century, the principles of designing metal forming processes in relation to micro-parts were begun, which 

resulted in the separation of a new part of metal forming called microforming [10]. This field has been going 

through stormy development for several years, also in the aspect of compound objects [11], tooling systems 

design [12] and design of tools dedicated to micro processes [13]. The necessity of obtaining the highest 

possible dimensional accuracy and the associated expected low surface roughness forces the interest in 

contact phenomena. Mainly in the aspect of reducing forces and the effects of friction and preventing adhesion 

phenomena with the smallest possible amount of lubricant [14], whose too thick layer reduces the accuracy of 

micro-parts. For this reason, interest in research on dry friction [15] or very similar to it has increased, as well 

as on methods that reduce the risk of adhesion joints. In this matter the “state” of billet is analysed [16] and its 

surface roughness [17,18] and preparation [19] in the aspect of influence on adhesion. An extreme example 

of which is the phenomenon of galling. The resulting build-up due to the very high hardness is a threat to the 

product and tools. In the area of influencing contact phenomena regarding the reduction of friction forces and 

counteracting adhesion processes for over 60 years [20], the beneficial effects of using tool vibrations in the 

metal forming processes are reported [21]. It is already widely accepted knowledge that the effects of vibrations 

may affect the impact on the structure of formed elements [22, 23] also in the aspect of cracking [24] - “volume 
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effect”  and on contact phenomena - “surface effect”. On the other hand, the methods used to support vibration 

can be divided into so-called: "Direct excitation" [25] referring to the vibration of the "whole" tool in this respect 

treated as a rigid body and the induction of a standing wave with a resonant frequency in the tool volume, 

which results in surface displacements of the active tool [26]. The first method (direct excitation), for reasons 

of inertia forces, applies to low frequency vibrations - up to several hundred Hertz and only causes "Surface 

effect" [27]. The second method mainly concerns ultrasonic vibrations, i.e. frequencies greater than 20 kHz 

and induces both effects: volume effect [28,29] and surface effect [30,31] also in the aspect of dynamic impact 

[32]. Both methods face energy difficulties in application to large masses and forces that are characteristic of 

metal forming processes. This problem disappears in relation to microforming processes in which objects with 

a mass close to 1 g are most often involved. It is the energy aspect that, according to the author, is one of the 

main reasons for the currently observed dynamic increase in interest in the use of vibration support. This 

applies to virtually all groups of microforming processes: sheet metal forming [33] and bulk metal forming cold 

and hot [34] and in superplastic conditions [35]. The presented work is part of this trend. Its aim is to develop 

a method for investigating the effect of using direct excitation on contact phenomena occurring during cold 

metal forming, in particular on the phenomenon of galling. 

2. EXPERIMENTAL SET UP 

The stand consists of the Hounsfild H10KS testing machine -1, the "Vib-Tester" - 2 mounted on it  

and the vibrator control system. The control system includes: power supply -3, function generator -4  

and oscilloscope -5.   

 

Figure 1 Stand for testing the influence of vibrations on dry friction curves: 1- Hounsfield H10KS testing 

machine, 2- Vib-Tester, 3- power supply, 4- function generator, 5- oscilloscope 

The Vib-Tester (Figure 2a) consists of a base -1, intermediate plate -2, vibrator unit -3, beam assembly -4, a 

beam guide unit -5, side wall -6 and a retaining wall 7. The vibrator unit (Figure 2b) allows vibrating the tool -

1 placed in the holder -2 by means of screws -3. The holder is located on the gate elastic element -4, whose 

oscillation causes the piezoelectric stack -5 terminated by ball joints -6. The piezoelectric stack is pre-stressed 

with disc springs -7 acting on the bumper -8 and placed on the adjusting screw -9. Tool - 1, can  
be used 3 times in different positions. The method of deformation adjustment is shown in Figure 2c.  

The sample -1 is placed on the beam -2 supported by bearings -3, placed on the swing elements -4 fixed on 
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the bolts -5 and supported by screws -6, with bushings -7. The deformation volume is also regulated by spacers 

-8 resting against the retaining wall. The stand was tested statically and dynamically. In the frequency range 

of 50-300 Hz, achieving a vibration amplitude in the range of 0-10 um. It allows you to carry out the process of 

strip ironing of the widths of 1-3 mm and thickness up to 1 mm with a cylindrical tool with a radius of 2.5 mm. 

The deformation speed, distance and force registration is provided by a testing machine. 

        

Figure 2 Experimental set up: a) main parts of Vib-Tester, b) vibrator unit, c) the method of deformation 

adjusting 

3. EXPERIMENTAL PROCEDURE 

The tendency to galling is determined by the coefficient Z (1) calculated on the basis of recorded waveforms 

of forces called "dry friction curves"(DFC). The coefficient of tendency to galling is determined by the 

dependence (1) and is the change in the force of the process on the initial path of the tray under the conditions 

of dry sliding friction.  

� � ∆�
∆�                                                                                                                                                             (1) 

where: Z - tendency to galling (N/mm), ΔF - the force increse (N), ΔS - the length of action (mm) 

The deformation achieved is determined by the logarithmic cross-section reduction according to (2). 

ÉI � Ç bÒ
bç

                                                                                                                                                          (2) 

where: εr - cross-section reduction, A0 - initial cross-section (mm2), A1 - final cross-section (mm2).   

4. EXPERIMENT RESULTS 

Figure 3 shows influence of strip material on the DFC corresponding to the tool for the test at the ram velocity 

12 mm / min with a cross section reduction of εr = 0.34 of. Strips 3 mm wide and 0.8 mm thick were deformed 
from aluminum, stainless steel and copper. The following coefficients were obtained: ZAl = 48.1 (N/mm), ZSS = 

45.0 (N/mm), ZCu = 6.0 (N/mm). These results are reflected in the appearance of a tool surface. In the case of 

an aluminum sample, a marked build-up edge along the entire contact line and on a large part of the contact 

surface were created. The build-up edge created on the tool after forming of the stainless steel sample has a 
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small height but is evenly distributed over the entire contact surface. The copper sample was only covered in 

two relatively narrow bands. 

Figure 4 shows influence of tool vibrarion frequency on the DFC. Almost 3 mm wide and 0.8 mm thick 

aluminum samples were tested. The deformation process was carried out at a speed of 12 mm / min using a 

tool of alloy steel for cold work hardened to a hardness of 60-62 HRC and ground surface Ra = 0.6 μm. The 

tests were carried out in the conditions of dry friction by cleaning the surfaces of tools and samples with acetone 

before each test. Three vibration frequencies were used: 50 Hz, 200 Hz and 300 Hz with the same amplitude 
A = 7.5 μm and cross-section reduction εr = 0.34. Galling tendency factors Z are as follow: Z50 = 23.2 (N/mm), 

Z200 = 44.8 (N/mm) and Z300 = 59.7 (N/mm). 

 

Figure 3 Dry friction curves and tool surfaces after deformation for Aluminium, Stainless steel and Copper 

 

Figure 4 Dry friction curves and tool surfaces after vibration assisted deformation of Aluminium strip under 

tool vibrarion freguency: 50, 200, and 300 Hz 
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5. ANALYSIS OF RESULTS 

There was a decrease in the tendency to galling factor Z with the introduction of vibrations of the tool in relation 

to two used frequencies: 50 and 200 Hz. As a reason, one can postulate the mechanism of breaking micro-

connections between the material of the tool and the material deformed in the return movement. This return 

movement is responsible for changing the mechanism of temporary wear. The following course of phenomena 

can be suggested. In the translational movement, the creation of micro-bild-up edges begins, which gradually 

grow leading to an avalanche galling process. Growing, through its presence, increases local pressure, 

deepening the tendency to create metallic connections. We are dealing here with a positive feedback leading 

to the avalanche accumulation of an unfavorable phenomenon. With the use of periodic return movement, in 

many places the micro-bild-up edges are torn off and pushed into the roughness valleus, causing local 

pressure reduction. There is therefore a local negative feedback, which inhibits the galling process, temporarily 

and in some places contaminating it with abrasive wear. Globally, this causes a reduction in the speed of 
process force increase, which is reflected in the decrease in the Z-factor. The lowest tendency to galling was 

obtained using a frequency of 50 Hz (with an amplitude of A = 7.5 μm). With these parameters, the tendency 
to galling Z for the vibration test Z = 48.1 N / mm decreased to the level Z = 23.2 N / mm, which is a reduction 

of 52%. Raising the frequency to 200 and 300 Hz increased the tendency to galling to Z = 44.8 N / mm and Z 

= 59.7, which means a slight decrease in Z-propensity to Z without vibration: 7% (for 200 Hz) and in the case 

of 300 Hz increase in Z of 24 %. This increase may be due to the temperature increase at the place where the 

tool contacts the deformed material, which may affect the formation of diffusion-based micro-joints. In the case 

of vibrations with a frequency of 200 Hz, the beneficial effect of vibrations and the adverse effect of temperature 

are almost compensated. In the case of 300 Hz, the adverse effect of the elevated temperature is clearly 

dominant.  

6. SUMMARY AND CONCLUSIONS 

A research method leading to the determination of the tendency to galling of the test materials representing 

the tool and workpiece under the conditions of microforming without participation and with the participation of 

low vibration (50-300 Hz) frequency has been proposed. This method consists in analyzing the course of the 

forming force of miniarure strip (width up to 3 mm and thickness up to 1 mm) with a cylindrical tool inserted 

into a vibrating motion in a direction consistent with the strip movement direction. The process takes place 

under dry friction conditions, and the curves analyzed are taken to be called "dry friction curves". 

A test stand has been designed, constructed and tested, in which the longitudinal vibration of the tool generates 

a piezoelectric actuator enabling the regulation of the vibration frequency in the ranges f = 0-300 Hz and the 
amplitude A = 0-10 μm. The translational movement is carried out with the help of a precision testing machine 

enabling the adjustment of the deformation speed and the registration of "dry friction curves". The stand also 

allows for smooth adjustment of the given deformation. 

As a result of the conducted research, it was found that the use of vibrations with frequencies of 50 and 200 

Hz reduces the tendency to galling by 52% and 7%, which is most probably caused by a periodic backflow that 

allows breaking micro-build-up edges in their initial phase of growth. Raising the frequency to 300 Hz increases 

the tendency to galling by 24%, which is probably caused by the temperature increase favoring the 

development of diffusion micro-joins. 
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Abstract  

Over the last few years, the great attention was paid to materials with grain size of diameter smaller than 1 µm. 

These materials were classified as Ultra-Fine Grained (UFG) materials with diameter of grains of the order of 

100 to 1000 nm and nano-materials (NC) with mean diameters of grains smaller than 50 nm. This research 

concerned to the production of UFG materials, using Severe Plastic Deformation (SPD) process. One of the 

forming methods using the SPD process is the DRECE method. This method was used to achieve the UFG 

structure in brass strip sheet. In the present paper, the brass CuZn37 strip sheets were processed by severe 

plastic deformation by DRECE method. The mechanical properties and structure achieved in individual passes 

by the device at room temperature were analyzed. Deformation route “C” was applied, i. e. the sheets were 

rotated about 180° between subsequent forming passes. It was found that process SPD has a significant 

influence on the increase mechanical properties of forming materials. The obtained results are detailed 

analyzed in the final part of this paper. 

Keywords: Dual Rolls Equal Channel Extrusion (DRECE), Cu - Zn based alloy CuZn37, microstructure,  

         mechanical properties 

1. INTRODUCTION 

Modern technologies, which use high deformation for obtaining the fine-grained structure in non-ferrous 

sheets, are described namely by the following authors [1-20]. 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 a 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. Strip with dimensions 

58 × 2 × 1000 mm was fed into the working space and it was pushed by the feed roller with help of pressure 

rollers through the forming tool without change of its cross section. Severe plastic deformation realised in this 

manner brought substantial refinement of structure. During the trial operation the first experiments were made, 

followed by their evaluation. On the basis of these works some modifications of design were proposed. 

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 and steels [2-10, 15-19]. 

2. INVESTIGATION PROCEDURES 

The study material using in this article was a commercial cold-rolled strip of sheets from brass CuZn37, which 
chemical composition is shown in Table 1. 
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Table 1 Chemical composition of investigate brass (wt. %) 

Sn Al Zn Mn Si Fe Cu 

0.43 0.15 36.80 0.45 0.10 0.06 rest 

The initial brass samples with dimensions 58 mm × 2 mm - 2000 mm were subjected to DRECE processing. 
Specimens were processed by DRECE with a tool angle α = 108° at room temperature (RT). Route “C” was 
applied, i. e. the samples were rotated about 180° between subsequent DRECE passes. The extrusion velocity 
of DRECE process was 3 mm. s-1 and maximum number of passes was 3. 

Microstructures were observed through optical (OM) using specimens taken from sliced discs from the samples 
processed by DRECE method. The samples for metallographic analysis were etched in a solution of FeCl3 + 
HCl + Alcohol. A comparative method with the use of Plate III standards was also used. The analysis was 
performed on a microscope NIKON EPIPHOT 300. 

Hardness was measured using a vickers hardness tester al load of 10 kg for 20 s. Tensile tests were carried 
out using the tensile specimens with length 80 mm at the strain rate 1 s-1 at room temperature, the specimens 
for tensile testing were cuted from longitudinal (DRECE) direction.  

3. INVESTIGATION RESULTS  

3.1. Microstructure evolution 

All the samples have a microstructure formed by grains of α-brass with twins. The microstructures of the 
samples in the initial state prepared from different directions are show in Figures 1 a, b. The samples after 
the first and third pass through the forming tool show apparent slip lines and bands after plastic deformation 
(see Figures 1 c - f). All the samples have longitudinally elongated grains due to deformation, more so at the 
edges of the samples, in the centre, the deformation is sporadically not apparent. The average grain size after 

3 passes reaches the values of 30 - 40 µm. 

In the initial state the microstructure of the alloy CuZn37 consists of grains with prevailing average grain size 
70 µm (G 4.7). After the first pass through the forming tool, a slight refining of grain with a predominant mean 
size of 50 µm (G 5.7) takes place. After the third pass, a further refinement takes place to a mean size of 40 
µm (G 6). It is characterised by the accumulation of dislocations along the grain boundaries (dislocation 
reinforcement) and the beginning of the formation of sub-grains.  

  

a) - transverse cut b) - longitudinal cut 

Figure 1 OM micrographs of investigated brass: Initial state (a - b); 1x DRECE (c - d)  

and 3x DRECE (e - f) 
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c) - transverse cut d) - longitudinal cut 

  
e) - transverse cut f) - longitudinal cut 

Figure 1 OM micrographs of investigated brass: Initial state (a - b); 1x DRECE (c - d)  

and 3x DRECE (e - f)  

Figure 2 shows the TEM micrograph from the sample which was passed 1 time through the DRECE device. 

One can see that the grain refinement is rather negligible, only growth of dislocation density and single twins 

  
a) b) 

Figure 2 TEM micrograph with corresponding SADP from the (a) 1x DRECE pass and (b) after 3x passes 
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can be observed. The presence of twin is confirmed in the diffraction pattern presented in Figure 2b (after 

third passes through forming device). As indicates the shape of the extinction contour, no formation of subgrain 

boundaries can be seen. Additional grove pressing repeated 3x causes formation of typical deformation twins 

and in addition formation of subgrain structure what causes splitting of diffraction spots in the direction of 
Debye Scherrer rings and causes contrast typical for the orientation changes. Similarly as in Figure 2a a 

relatively high dislocation density can be seen. 

3.2. Mechanical properties 

At the forming angle α = 108° we obtained the following results of mechanical properties (see Table 2). The 

original tensile curves of CuZn37 alloy are presented in Figure 3. Figures 4 and 5 show a graphical 

representation of the influence of the number of passes through the forming tool to change the magnitude of 

the yield strength Rp0,2, ultimate strength Rm, ductility A and hardness HV10, respectively.   

 
Figure 3 Tensile curves from samples: Initial state (a); 1x DRECE (b) and 4x DRECE (c) 

 
Figure 4 Vickers hardness HV10 evolution during DRECE processing 
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Figure 5 Tensile properties of CuZn37 with dependence of number of DRECE passes 

Table 2 Mechanical properties of CuZn37 processed by DRECE method  

 Yield stress Rp0,2 

(MPa) 
Ultimate tensile 

strength Rm (MPa) 
Elongation to failure 

(%)  
Vickers hardness 

HV10 (-) 

Initial state 229 352 39 105 

1st pass 284 381 33 155 

2nd pass 309 398 25 159 

3rd pass 314 419 18 174 

When an angle α = 108° was used, the yield strength Rp0,2 increased by 24% already after the first pass through 

the forming tool, and after the second pass, it increased by 35% in comparison with the initial state. The ductility 

value decreased after the first pass by 5% in comparison with the initial state. Ductility decreased after the 

second pass by 8.5% to an acceptable value of 24.7% enabling subsequent forming operations. Ultimate 

tensile strength increases with dependence on number of passes. Maximal value of UTS was obtained in 
sample processed by 3 passes by tool with α = 108° (see Table 2). 

4. CONCLUSION 

Equipment for production of UFG structure in a strip of a sheet made of non-ferrous metals has been designed, 

with subsequent possibility of deformation also of steel sheets with a thickness of 2 mm. This process involves 

primarily creation of a sufficient number of shear systems with different orientation in the crystallographic 

lattice. Creation of UFG structure in the strip of the sheet is closely connected to the design of suitable 

geometry of the forming tool, appropriately dimensioned power unit and control system enabling setting of 

various values of peripheral velocities. From the viewpoint of forming parameters, the higher number of passes 

will bring a considerable strengthening of the formed material. According to the degree of the obtained results 

of extrusion of the sheet made of brass, it is possible to state that the equipment is fully functional. The forming 

equipment is at the stage of verification and future works will verify the influence of technological parameters 

on the increase of efficiency of the SPD process for obtaining the UFG structure in non-ferrous metals. From 

the viewpoint of forming parameters, the higher number of passes will bring considerable grain refining and 

strengthening of the formed material. For the application of the achieved results in the industrial practice, it is 
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very important to optimise the number of passes through the forming tool. From the viewpoint of achieving the 

maximum grain refinement, it is necessary to make a larger number of passes through the forming tool when 

no further strengthening of the material occurs anymore (alloy CuZn37) but to recovery of plasticity by its 

increase takes place. After the 3rd pass through the forming tool the yield strength Rp0,2 practically does not 

increase. A significant increase of Rp0,2 was achieved already after the 1st and 2nd pass through the forming 

tool. Drop in plasticity is minimal after the first pass - only 5%, and after the second pass it makes 14%, which 

allows next forming operations on a strip of the sheet, and thus a production of the final components (hinges, 

brackets, clips for car locks, etc.). The future works will investigate the influence of technological and forming 

parameters (the thrust of rolls, strain rate) on a further increase of efficiency of the SPD process. 
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Abstract 

The high-strength steels and tailor welded blanks (TWB) are applied in construction of cars parts to reduction of 

cars weight [1, 2]. The application of these materials brings possible complicatons during the forming when it 

proves the considerable influence of stress-strain characteristics differences of the individual parts of TWB 

what result in non-constant material flow and consequently a negative movement of the weld interface [3, 4]. 

One of the ways of elimination of this negative effect is to choose a suitable blankholder system with optimal 

distribution of blankholder forces by using elastic blankholder with adjustable distribution of blankholder forces. 

Within the bounds of study the experimental blankholder system with elastic blankholder with adjustable 

distribution of blankholder forces was used [5, 6]. Finite element methods (FEM) simulation has unsubstitutable 

role n the study of formability of TWB whereby it is possible to determine the values and points of application 

of the blankholder forces [7, 8]. The FEM simulations results carried out in simulative LS-Dyna software are 
presented in this article which is focused on achieving weld interface movement minimalization of tailor welded 

blanks from DP600 and BH220 materials by optimization of blankholder forces [9, 10]. 

Keywords: Tailor welded blanks, deep drawing, elastic blankholder, FEM simulation 

1. INTRODOCTION 

By reason of accurary raising of simulation and 

decreasing diference of results in comparison 

with the real experiment there were used 

material models with experimentally found 

strain-stress characteristics choosen materials 

DP600 and BH220. Their mechanical 

properties were defined by the flow curves 

which have been determined by means of the 

static tensile tests. For the material DP600, the 

flow stress values rangedfrom 350 MPa at ϕ = 

0.02 to 1 300 MPa at ϕ = 1 and work hardening 

coefficient n = 0.216. The values of material 

BH220 ranged from 280 MPa at ϕ = 0.02 to 680 

MPa at ϕ = 1 and work hardening coefficient n 

= 0.157. The another parameters were the 
coefficients of normal anisotropy „r“ (Figure 1). 

2. FORMING PROCESS SIMULATIONS 

The blank outline was determined by means of simulation in Blank Size Engineering modul Dynaform software. 

TWB blank thickness was 1.2 mm. There were used two variants of blanks. The weld line interface was 
oriented along longitudinal and transverse direction of axis of symmetry (Figure 2). After surface mesh of blank 

the nodal points of the weld interface position on the blank were defined. The geometrical model of tool 

Figure 1 Comparison of coefficients „r“ of steels DP600 

and BH220 in polar coordinates 
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surfaces and blanks for a simple rectangular box drawing with dimensions 120 x 80 x 40 mm have been 
constructed in CATIA V5 R19 software. In Figures 3 and 4 it is a part of forming tool with tailor welded blank 

and surface model. The elastic blankholder thickness is 35 mm. 8 circular surfaces represent the pressure 

pillar guides positions applying distribution of blankholder forces. 

    

Figure 2 Rectangular shape and weld interface direction of deep-drawn box 

 

 

 

 

Figure 3 Part of deep drawing tool with TWB Figure 4 Tool model for deep drawing simulations 

For simulation the blankholder material was chosen as the ideal elastic material model which also deforms 

only elastically during real forming process. The working conditions during simulations and experiments were 

17 kN on a pressure pillar guide with uniform distribution of the blankholder forces (UNI mode) and 35 kN on 

a pressure pillar guide on the BH220 material side (NON mode). The elastic deformation of the blankholder 

plate under uniform blankholder force distribution is symmetrical along the longer axis of symmetry of drawn 
part (Figure 5). The blankholder sag in transverse direction was more intensive than in longitudinal direction. 

In the Figure 6 the elastic deformation of the blankholder plate is illustrated during forming simulation in NON 

mode. The vertical moving in the pressure pillar guide position on the blankholder surface by the force 35 kN 

was 0.19 mm. The simulation computed by LS-DYNA code was used in the study of formability of TWB. The 

blankholder force respectively the distribution of blankholder forces along the elastic blankholder 

circumference was only one variable parameter. The other technological parameters were constant. The 
simulation graphic output is illustrated in the Figure 7. The high effective stress (cca 1 200 MPa) originated in 

the corners of rectangular drawn cup in DP600 material which were acted lower value of normal anisotropy 

than at BH220 material. 

The rise in thickness in this spot was more considerable. It caused intensive compression of material in the 

area between blankholder and die and in drawing gap alike. The material was only bending and straightening 

along flat circumferential parts of drawn cup. The stresses were considerably smaller in comparison with the 

stresses in the corners of drawn cup (600 MPa). Each of blanks (with longitudinally and transverse weld line 

interface) have been carried the simulations out with uniform adjustment of the blankholder pressure (pp = 7.3 
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MPa) in UNI mode when non-constant material flow occurred with consequent considerable deflect of the weld 

interface on the side of DP600 material. 

  

Figure 5 Deformation of blankholder at uniform 

blankholder forces distribution with 17 kN per pin 

Figure 6 Deformation of blankholder at non-uniform 

blankholder forces distribution with 35 kN on local pin 

 

Figure 7 Forming process simulation of TWB (with longitudinal weld line interface)  

During simulation when TWB was forming by non-uniform force distribution acted on the blank side of BH220 

material (yellow area) the value of force acted by pressure pillar increased (NON mode) till to 35 kN in every 
following simulation (Figures 8, 9, 10 and 11 ). The aim was to achieve the smallest a movement of the weld 

interface on the drawn cup bottom and wall. 

3. THE NODE MOVEMENT MEASUREMENT  

The movement of the weld interface was evaluated in a perpendicularly to weld interface line. The graphic 

simulations results of node movement behaviour have been determined by LS-PrePost in History code. The 

time vector movement was illustrated for chosen node. The simulations results of blanks forming for material 
combination DP600 - BH220 (Figures 12, 13) presented the a movement minimization of the weld interface 

by means of local blankholder force increasing in range 23 - 35 kN on the more flexible material side BH220 

(lighter colour side). By the red colour it is represented a movement of the weld interface with optimal of 

blankholder force when the weld interface line comebacks to the initial central position at the end of at the end 

of forming process. By light-blue colour a movement of the weld interface with optimal of blankholder force 

when the weld interface line with non-uniform adjustment of blankholder force. The movement the weld 

interface was braked by excessively strong holding of flange on the more flexible material side BH220. 

4. THE COMPARISON OF WELD INTERFACE POSITION AT EXPERIMENT AND SMULATION 

The weld interface movement is one of the main evaluation criterias for formability of TWB. The movement on 

the walls of drawn cup obtained from simulation and experiment was evaluated visually by means of photo 
overlaying of drawn cup wall with elements mesh of simulated drawn cup. In the Figure 14 is shown a side 

wall of drawn cup with longitudinally welded TWB with deformed weld line interface at uniform 
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Figure 8 Pressure distribution at uniform 

blankholder forces distribution with 17 kN per pin 

Figure 9 Pressure distribution at non-uniform 

blankholder forces distribution with 35 kN on local pin 

  

Figure 10 Pressure distribution at uniform 

blankholder forces distribution with 17 kN per pin 

Figure 11 Pressure distribution at non-uniform 

blankholder forces distribution with 35 kN on local pin 

distribution of the blankholder forces (UNI mode). The overlay image shows correspondence - the weld 

interface line of simulation copies the weld line interface on the photo without considerable deviations, 
Figure 15. The wall of drawn cup area shows a deformation of material in the die holding area where stronger 

and less flexible material pressed on the side of less strong and more flexible material. In the Figure 16 is 

shown a side wall of drawn cup with transversely welded TWB with deformed weld line interface at UNI mode. 

The overlay image shows correspondence again - the weld interface line of simulation copies the weld line 
interface on the photo without considerable deviations, Figure 17. The deformation directoin is the same as in 

the previous experiment. However, this deformation is smaller in comparison to the drawn cup with 

the longitudinal direction of the weld. 

5. CONCLUSION 

The blankholder force respectively the distribution of blankholder forces along the elastic blankholder 

circumference was only one variable parameter at the forming analysis of TWB from different material 

combinations. The other parameters as a blank area, a blank thickness, a speed of the punch, a friction 

coefficient, tool geometry (a punch and die corner radius, drawing gap) were constant. The aim of analysis 

has been to verify the effect of blankholder forces distribution on minimisation of the weld interface movement. 

The elastic blankholder model and the material characteristics of TWB obtained experimentally were used for 

simulations. By means of simulations the optimal value of locally increasing blankholder force for the weld 

interface stabilization on a part bottom was found. The experimental pressing was realized on the blanks 1.2 
mm thick with longitudinal and transverse direction of the weld The forming process carried out at two 

adjustments of the blankholder forces distribution - uniform and non-uniform. The results confirmed 

considerable conformity between simulation and real experiment. The weld interface direction has influence 

DP600 BH220 

  

DP600 BH220 

DP600 

BH220 

DP600 

BH220 
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on the size of movement. The most intensive movements of weld interface have been at longitudinally direction 
of the weld. They have been influenced by the flat parts length of drawing edge and the blankholder area size. 

The most intensive movement of weld interface was observed on the walls of drawn cups where a deflection 

has been found. Visual comparison of weld line interface movement confirmed considerable conformity 

between simulation and real experiment. Simulative FEM software LS- DYNA has allowed effectively to model 

the conditions of complicated deep drawing process and predicates reliably the influence of technological 

parameters on the weld interface. 

 

Figure 12 Forming process simulation of drawn cup with longitudinal weld line interface. Weld line 

movement represented by nodal displacements in x-axis direction. 

 

Figure 13 Forming process simulation of drawn cup with longitudinal weld line interface. Weld line 

movement represented by nodal displacements in y-axis direction. 

  

Figure 14 Experimental weld line movement with 

longitudinal orientation of the weld line 

Figure 15 Simulated weld line movement with 

longitudinal orientation of the weld line 
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According to the presented results it can be claimed: 

1. The weld interface movement of the examined TWB is a result of different stress-strain characteristics of 

the materials that TWB consists of. 2. The blankholder force value and distribution acted on the elastic 

blankholder has a significant influence on the deep drawing process of TWB. The application of perfectly rigid 

material models instead of elastic one for the blankholder can be much distorted. 3. The weld interface direction 

in consideration of the blankholder area size has influence on the movement size. 4. FEM simulation method 

is very reliable in prediction of TWB formability and factors observing in deep drawing process under condition 

of exactly defined initial and boundary conditions of the process. 
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Abstract 

Limit values of the normalized Cockroft - Latham criterion for different range of temperature and strain rates 

may be determined by using the comparative method for the uniaxial tensile test of notched specimens. 

Uniaxial tension of notched specimens was performed on a multi-function metallurgical process simulator, 

Gleeble 3800. In order to determine the actual values of the normalized Cockroft - Latham criterion, theoretical 

studies of the notched specimen tension test were also conducted. The hot tensile deformation and the fracture 

behaviors of the AZ31 magnesium alloy were studied with the temperature range of 350 - 450°C and strain 

rates 0.1, 1.0 and 10.0 s-1. 

Keywords: Magnesium alloy, fracture, normalized Cockroft - Latham criterion, FE modeling  

1. INTRODUCTION 

Metal forming processes of magnesium alloys have a specific character and their proper realization in industrial 

practice is often very difficult [1,2]. The main limitation concerning their application is low plasticity of these 

alloys, leading to fracture appearance. In the case of magnesium alloys this phenomenon is more often present 

than during forming of other nonferrous metals or steel. It is needed to work out a method of cracks appearance 

foreseeing at the stage of theoretical analysis of the designed process, which is based on forming process 

simulation with the application of appropriate cracking model. For the known limiting conditions, it is possible 

to forecast probable cracks areas and modify parameters of the process to eliminating this phenomenon. There 

are a number of criteria associated with ductile fracture, void nucleation and growth play a key role leading to 

necking [3,4]. Among these fracture criteria, the normalized Cockcroft-Latham fracture criterion is widely used 

in engineering analysis [5]. The normalized Cockcroft-Latham criterion assumes that the maximum principal 

stress is the most relevant in the initiation of fracture. The criterion is defined in terms of traction plastic work 

associated with the principal stress along the path of the equivalent plastic strain, as shown in following 

equation: 

∫+=
ε

ε
σ
σ

0

1
0 dCC

i

           (1) 

where: 

C0 - initial value of the normalized Cockroft - Latham criterion 

ε  - equivalent strain  

σ1 - 1st main stress (MPa) 

σi - equivalent stress (MPa)  

To determine the limiting values of normalized Cockroft - Latham criterion the comparative method was used 

[6,7]. Research have been done to determining limiting values of normalized Cockroft-Latham criterion during 

the deformation at elevated temperatures 350÷450°C of the AZ31 magnesium alloy, which chemical 
composition is shown in Table 1.  
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Table 1 Chemical composition of magnesium alloy AZ31 

 Mg Al Zn Mn Si Cu 

AZ31 residual 2.5 1.0 0.12 - 0.14 0.08 0.03 

2. UNIAXIAL TENSION TEST OF NOTCHED SPECIMENS 

The limiting values of the normalized Cockroft - Latham criterion could be determined in a basic tests such as: 

uniaxial tension, uniaxal compresion of the shape specimens, bending or torsion. In this work to determine 

dependecy of the limiting values analyzed criterion to temperature and strain rate uniaxial tension of notched 

speciments was used. In Figure 1 a shape and dimensions of the specimens used in uniaxial tension tests 

were shown. 

a)  

b)  

Figure 1 Shape and dimensions of notched specimen used to determination of the limit values of normalized 

Cockroft - Latham criterion (a), an example of specimen from AZ31 alloy after the tensile test (b) 

Uniaxial tension of notched specimens was performed on a multi-function metallurgical process simulator, 

Gleeble 3800 at the Czestochowa University of Technology. The specimens were deformed at a constant 

strain rate until their breaking. During the tensile tests, a constant temperature was maintained by continuously 

heating up the specimens. The test were performed for three temperatures: 350°C, 400°C and 450°C, and 

correspondent three strain rates: 0.1, 1.0 and 10.0 s-1. The initial length of each specimen was equal to 116 

mm. The specimens were heated to the assumed temperature with 10°C/s speed. During the tensile test, the 

jaws of the simulator were moved at variable velocity (to ensure a constant strain rate), which resulted in the 

maximum deformation of the specimen in the notch area. At the moment of reaching the limiting fracture 

criterion value, micro-cracks started to form in the specimen, then the plastic fracture propagation proceeded 

until complete breaking of the specimen. After the test each of specimen was cooled and measured to 

determine the length after breaking - Lk. Based on this measurements critical elongation - ΔL in which total 

rupture of specimen occurs has been calculated. Results of measurements of the final lengths and calculated 

critical elongation are presented in Table 2. 
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Table 2 Dimensions of specimens after the tensile tests 

No. of spec. Temperature (°C) 
Strain rate  

(s-1) 
Lk 

(mm) 
ΔL  

(mm) 

1 350 0.1 119.93 3.32 

2 350 1.0 119.73 3.21 

3 350 10.0 119.78 3.14 

4 400 0.1 120.21 3.75 

5 400 1.0 120.76 4.23 

6 400 10.0 121.14 4.62 

7 450 0.1 120.45 3.81 

8 450 1.0 120.95 4.42 

9 450 10.0 121.38 4.87 

In the Figure 2 dependence of the critical elongations estimated for the AZ31 magnesium alloy to the strain 

rate and temperature has been presented. As it can be noticed increasing the test temperature to 400°C and 

higher causes significant rise of the critical elongation. This correspond to the fact that, when temperature is 

increased, the critical shear stress of non-basal plane slip system is reduced because of the increase of the 

amplitude of the atomic vibration, and then some potential non-basal plane slip systems, such as the prismatic 

and pyramidal plane, are promoted by the thermal activation [8,9]. As we can observe for the temperature 

350°C increasing the strain rate in tension tests causes a small drop of critical elongations values. This could 

be effect of the change of the dominant fracture mechanism [9]. Also the nucleation and growth of recrystallized 

grains during dynamic recrystalisation of the magnesium alloys are sensitive to strain rate [8,9]. The exact 

explanation of the causes of such a phenomenon requires further analysis. Reverse dependence can be 

observed for the temperature 400°C and 450°C, where increasing strain rate causes growth of the critical 

elongations values. 

 
Figure 2 Dependence of the critical elongations estimated for the AZ31 magnesium alloy to the strain rate 

and temperature 
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3. DETERMINATION LIMITING VALUES OF THE NORMALIZED COCKROFT - LATHAM CRITERION 
BY USING COMPARATIVE METHOD 

In order to determine the actual values of the normalized Cockroft - Latham criterion, theoretical studies of the 

notched specimen tension test were conducted. The theoretical studies were carried out for the same 

parameters to those used in the laboratory tests. For the numerical modeling the computer program Forge 

2011® based on finite element method was used. In calculations, material model destined for own research in 

plastometer compression test and described in the work [10] was applied. As the notched specimen tension 

process is an axially symmetrical process, the numerical studies were conducted only for a section making up 

the ¼ of the actual specimen volume by introducing two planes of symmetry. To preserve the geometrical 

specimen shape in the notch region during deformation, the length of mesh sides were locally densified. To 

establish the limiting values of the normalized Cockroft-Latham criterion, the obtained theoretical study results 
were compared with the results of the experimental tests at the moment of specimen breaking (Table 2). For 

the analysis, the assumption was made that the critical elongations (the ones for which specimen breaking 

occurs) obtained in the laboratory tests correspond to the moment of specimen breaking in the theoretical 
studies. Figure 3 presents the distribution of the normalized Cockroft-Latham criterion estimated in the 

theoretical studies at the rupture moment - reaching the critical elongation obtained in the laboratory test.  

 

Figure 3 An example of distribution of the normalized Cockroft-Latham criterion at the fracture moment - 

reaching the critical elongation obtained in the laboratory test (T = 400 °C and strain rate = 1 s-1) 

The obtained results (Figure 3) do not allow determining definitely the limiting normalized Cockroft-Latham 

criterion value, for which the specimen breaking occurred. In order to determine the limiting value, the 

normalized Cockroft-Latham criterion values were calculated as an average over the cross-section. The 

determined limiting values of the normalized Cockroft-Latham criterion for the analyzed conditions are given 
in Table 3. 

Table 3 Limiting values of normalized Cockroft-Latham criterion determined in uniaxial tension test 

                   Strain rate (s-1) 

Temperature (°C) 
0.1 1.0 10.0 

350 0.35 0.33 0.23 

400 0.43 0.6 0.67 

450 0.45 0.65 0.77 

Figure 4 shows the dependence of the determined limiting normalized Cockroft - Latham criterion values to 

the strain rate and temperature. As it can be noticed comparing data presented in Figure 4 are similar to data 

presented in Figure 2. For the temperature 350°C along with the increase strain rate critical value of the 

normalized Cockroft - Latham criterion decreases. Increasing temperature to 400°C and higher causes the 
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trend to reverse. As it was mentioned at a temperature 400°C for magnesium alloys are activated additional 

mechanism of deformation [9]. As it can be observed further increase temperature causes increases the 

plasticity range for the AZ31 magnesium alloy. Estimated values of normalized Cockroft - Latham criterion 

allow to defining zones in a deformed material for which fracture may occur. It should also be noted that due 

to the anisotropy of magnesium alloys [8], the determined critical values of normalized Cockroft - Latham 

criterion will be valid for processes in which the state of stress coincides with that which occurs in the tensile 

test. That is, when tensile stress is the dominant one. 

 
Figure 4 Dependence of the normalized Cockroft - Latham criterion for AZ31 magnesium alloy to the strain 

rate and temperature 

4. CONCLUSIONS 

The comparative method allows to determine the limiting values of normalized Cockroft - Latham criterion, for 

which the fracture of the material during hot plastic working process appear. For the temperature 350°C along 

with the increase strain rate critical value of the normalized Cockroft - Latham criterion decreases. Increasing 

temperature to 400°C and higher, causes an increase of the critical values of the normalized Cockroft - Latham 

criterion. In this temperature additional mechanism of deformation for magnesium alloys are activated 

(additional slip planes) which causes a significant increase in the deformability of the tested alloy. For the 

temperatures above 400°C it can be noticed that with increasing strain rate increases critical values of 

analyzed criterion. Estimated values of normalized Cockroft - Latham criterion allows to defining zones in a 

deformed material for which fracture may occur. 
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Abstract 

The ultra-fine grained austenitic AISI 304 stainless steel sheets were prepared using various rolling 

techniques. The room temperature symmetric rolling (SR) as well as the sub-zero temperature cryorolling (CR) 

were performed. In addition to conventional rolling techniques the asymmetric rolling (ASR) and the 

asymmetric cryorolling (ACR) experiments were set up. Different rolling techniques were compared with regard 

to the resulting mechanical properties and feasibility. In comparison with the symmetric rolling, the asymmetric 

rolling process imposes additional shear strain to the normal plane strain. A large plastic strain has a direct 

influence on the process of the grain refinement. Cooling the steel to the sub-zero temperatures supresses the 

dynamic recovery and recrystallization, thus improving the grain refinement process. A high velocity ratio ACR 

(1:2.3) and the CR (liquid N2) techniques give rise to the austenitic stainless steel with high values of the yield 

strength, the tensile strength and the ductility at the same time.  

Keywords: Cryorolling, asymmetric rolling, austenitic stainless steel, mechanical properties, grain  

        refinement 

1. INTRODUCTION 

In recent years a significant effort has been made to develop a bulk ultrafine-grained (UFG) metals using the 

phenomenon of severe plastic deformation (SPD). UFG metals usually possess unique and favourable 

properties, e.g. higher tensile strength and ductility. A number of studies have reviewed the application of 

SPD [1-5]. These studies were focused mainly to a fabrication of non-ferrous metals in rather small, even 

laboratory scale [6]. The laboratory scale methods attempted to obtain UFG structures via equal channel 

angular pressing, accumulative roll bonding or high pressure torsion techniques. However, the majority of all 

metal products is produced using various rolling processes. The present study is focused on manufacturing 

UFG austenitic stainless steel AISI 304 using more profound rolling techniques [6]. Austenitic stainless steel 

AISI 304 is commercially available and frequently used construction material due to its good corrosion 

resistance and ductility. However, both the yield strength and the ultimate tensile strength is rather poor 

(approx. 200-300 MPa, 500-600 MPa respectively), mainly thanks to the soft face centred cubic (fcc) γ-phase. 

The strength of the austenitic stainless steel can be improved by the grain refinement, solid solution 
strengthening and work-hardening [7,8]. The grain refinement has been achieved by adopting thermo-

mechanically (TMCP) controlled processing. However, recent studies [9,10] have indicated that the limitation 

in grain refinement achievable by TMCP can be overcome by severe plastic deformation, and thereby UFG 

structures can be acquired. The CR, ASR, ACR techniques are considered as SPD processes [11,12]. The 

presented experiment compares above mentioned rolling techniques with conventional SR with regard to 

resulting mechanical properties and feasibility. Asymmetric rolling techniques utilize a different velocity of 

working rolls. The velocity ratio ranging from 1.1 up to 4 has been used in most of the recent studies [6,11]. 

Both the hot and the cold ASR techniques have been applied to various ferrous and non-ferrous  

materials [13,14]. Due to the different circumferential speed of working rolls friction forces act in the opposite 

direction at the upper and lower work roll surfaces, thus generating additional shear strains. This additional 
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shear strain may cause structural changes of the rolled material which can be beneficial for material properties. 

During the rolling process the dynamic recovery may occur due to the increased deformation resistance at 

higher strain. Decreasing the deformation temperature leads to suppression of dynamic recover that results in 

higher defects density and consequently higher strength. AISI 304 steel has a fully austenitic structure. 

However, the application of plastic deformation or cryogenic treatment can lead to formation of martensite in 

metastable austenitic steels [6]. In general, face centred cubic metals exhibit higher work-hardening rates. 

Both the stable dislocation interactions and very fine deformation twins contribute to the high flow stress. 

2. EXPERIMENTAL 

A commercially available AISI 304 austenitic stainless steel (18/8) sheet of the 6 mm thickness was used. The 

sheet was cut into 100 mm wide strips. SR and CR experiments were performed on the COMTES FHT rolling 

mill using the four-high rolling mill setup. Diameters of the working rolls and the back-up rolls respectively are 
240 mm and 650 mm respectively (Figure 1). The multi-pass unidirectional SR and CR was carried out. The 

input AISI 304 sheet in 6 mm thickness was rolled by approximately 5 % reduction at each pass down to 4 mm 

(i.e. 30 % accumulated reduction), 3 mm (i.e. 50 % accumulated reduction) and 2,4 mm (i.e. 60 % reduction) 

respectively. The ASR and ACR experiments were carried out incorporating the four-high rolling mill rolls and 

the two-high rolling mill roll with the diameter of 550 mm. The CR and ACR samples were cryorolled after 

immersing them in liquid nitrogen before each pass. Asymmetrically rolled samples were flipped horizontally 

before each pass due to the curvature of the as-rolled sheets. The ASR and ACR experiments did not run 

smoothly. Due to friction stresses generating additional lateral forces and insufficient support from the back-
up roll, the wiggling effect occurred (Figure 1). Instead of continuous and smooth flow through the rolling gap 

the material skipped in an abrupt manner. Due to this fact deformation was not uniform across the cross-

section. However, the surface layers were severely deformed. The attempt to use a lubricant to prevent 

wiggling behaviour failed. The cryorolled samples, i.e. CR and ACR, exhibited almost twice as high deformation 
resistance in comparison to symmetrically rolled samples, i.e. SR and ACR. Figure 4 illustrates different 

deformation behaviour of the room temperature and cryorolled samples. Due to the poor control of the ASR 

and ACR experiments the respective rolling passes can’t be compared to those of SR and CR experiments. 

Thus, unfortunately, the lower rolling forces and energy savings, being the advantages of asymmetrical rolling, 

couldn’t be confirmed. 

 

Figure 1 Left: Asymmetric cryorolling (ACR). Right: Wiggling effect due to the insufficient support from 

the back up roll. 
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3. RESULTS  

The microstructure was revealed using the Glyceregia etchant and light microscope NIKON ECLIPSE MA200 

equipped with differential interference (DIC) enabling high contrast image observation. The cryorolled material 

shows more deformed grain structure as opposed to the room temperature rolling. The grains are elongated 

along the direction of rolling. The microstructure shows slip bands, deformation twins and the presence of δ-

ferrite as well (Figure 2). The attempt to explore both the structure and the texture evolution using Electron 

backscatter diffraction (EBSD) technique failed due to the extremely deformed structure and insufficient 

resolution of EBSD camera. The scanning electron microscopy (SEM) revealed extremely deformed surface 

layer. The structure is presumably austenitic. The expected martensite transformation has not been confirmed. 

The austenitic matrix seems to be stable at all deformation stages used in the experiment. 

      

Figure 2 Left: DIC image of the C4 sample - inner layer. Right: SEM image  

of the AS4 sample - surface.  

Tensile tests were done according to the standard CSN EN ISO 6892-1. Three samples were tested at each 

deformation step. Prior to testing, specimen dimensions were measured and an original gauge length for the 

elongation determination was marked on each specimen. This gauge length was set to meet requirements of 

the standard for the elongation A5. After each test, a proof stress Rp0,2 was determined as well as ultimate 

tensile stress Rm. The final gauge length was also measured after each test and elongation after fracture A5 

was evaluated as well as the cross section reduction Z. Tests were done on electro-mechanic testing machine 

Mays equipped with hydraulic grips. Strain was measured by means of DIC system (Digital Image Correlation) 

Mercury in 2D configuration. Geometry of the specimens is depicted in Figure 3. All specimens were produced 

by water jet cutting perpendicularly to the rolling direction. 

 

Figure 3 Tensile test specimen geometry. Extensometer length L0 varies with the thickness  

of the specimen. 

Table 1 summarizes the results of the mechanical testing of the original austenitic stainless steel and SR, CR, 

ASR, ACR rolled material. The hardness enhancement follows from diminishing grain size and from the 

accumulation of large plastic strain achieved by cryorolling. As mentioned before, a cryogenic temperature 
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helps to suppress dynamic recovery and recrystallization, leading to high dislocation density. As the strain 

increases deformation twins are created in the austenite structure which is beneficial for the grain refinement. 

HV30 hardness of the asymmetrically rolled material is 20 HV higher in comparison to symmetrically rolled 

material mainly due to accumulating of larger plastic strain in surface layers. Figure 4 shows the engineering 

stress-strain curves from tensile tests of the austenitic stainless steel before and after the SR, CR, ASR and 

ACR rolling. Annealing was performed at 750 °C with the hold time 5 minutes and cooling in the water. The 

input material shows low proof stress of 269 MPa and the tensile strength of 626 MPa. The proof strength and 

the tensile strength increases rapidly in the early stages. As the accumulated deformation reaches certain level 

the strength increases slightly and become stable (Figure 5). The ratio of proof strength to tensile strength 

increases from 0.43 @ 0% reduction up to 0.91 @ 60% reduction and become stable as well (Figure 6). This 

fact indicate that the austenitic matrix is stable and no deformation-induced martensitic transformation 

occurred. The grain refinement effect generated at cryogenic temperatures can be documented on increased 

ductility while the proof stress and tensile strength remain or even increase (Table 1). Moreover, the significant 

mechanical enhancement are achieved after much lower accumulated reduction when using cryogenic 

temperatures. 

 

Figure 4 Left: Rolling force during 5 % reduction steps. Right: Engineering stress-strain curves. 

 

Figure 5 Left: Proof stress. Right: Tensile strength.  
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Figure 6 Left: Hardness HV30. Right: Proof stress to tensile strength ratio. 

4. DISCUSSION 

The combination of cryogenic temperatures and large plastic deformation directly effects the process of grain 

refinement thus significantly enhancing mechanical properties. The tensile tests results of the respective 

symmetric rolling experiments and asymmetric rolling experiments are comparable to each other. Due to the 

high velocity ratio and friction-induced lateral forces together with insufficient stiffness of the working roll, the 

wiggling effect occurred. The wiggling of working roll prevented the shear to act uniformly across sheet cross-

section. Thus, only surface layers (approx. 100 µm) were influenced by additional shear strain. Locally 

accumulated strain manifests itself via increased surface hardness. To be able to fully exploit the potential of 

asymmetric rolling, much stiffer working roll has to be incorporated. Moreover, the velocity ratio seems to be 

inefficient and high. The attempt to use a lubricant had no direct effect. The austenitic matrix of AISI 304 

stainless steel seems to be stable at least up to the 60% accumulated reduction. No deformation-induced 

transformation was confirmed. The engineering stress-strain curves indicate no significant increase in strength 

due to the deformation-induced martensite transformation. The strengthening is a result of the work-hardening 
and the grain refinement. However, the structure is unclear, especially at large deformations. Mainly because 

of extremely deformed structure, poor etching ability of the soft austenite and insufficient resolution of used 

EBSD camera. The XRD analysis should be carried out instead. 

Table 1 Average values of tensile tests measurements 

 

Specimen HV30 Rp0,2 (Mpa) Rm (MPa) Rp/Rm Z (%) A5 (%)

As-received 200 269 626 0,43 74,6 73,3

SR30 360 819 1039 0,79 49,0 19,2

SR50 391 1053 1206 0,87 40,9 12,8

SR60 438 1248 1381 0,90 25,1 9,6

CR30 427 1270 1431 0,89 23,9 8,0

CR50 442 1429 1566 0,91 16,0 4,2

CR60 470 1471 1628 0,90 9,1 5,5

ASR30 378 864 1037 0,83 43,9 17,6

ASR50 415 1015 1185 0,86 45,3 13,1

ASR60 451 1282 1464 0,88 16,2 8,6

ACR30 444 1210 1380 0,88 31,4 8,5

ACR50 463 1359 1509 0,90 14,6 5,5

ACR60 463 1364 1519 0,90 16,4 4,9

SR60 HT 322 785 951 0,83 50,4 38,1

CR60 HT 324 744 879 0,85 55,6 38,0

ACR60 HT 340 758 894 0,85 54,6 35,0
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5. CONCLUSIONS 

The room temperature SR, CR and cryogenic temperature ASR and ACR rolling experiments were set up and 

carried out to examine the plastic deformation behaviour of austenitic stainless steel AISI 304. The asymmetric 

rolling experiment utilized the high velocity ratio of 2.3. The results of respective symmetric and asymmetric 

experiments are almost the same thanks to the wiggling effect of the working roll. The dynamic recovery and 

recrystallization was suppressed using the cryogenic temperatures. Thus, significant grain refinement was 

achieved enhancing the mechanical properties greatly. Highly elongated austenitic grains show slip bands and 

deformation twins. No deformation-induced martensitic transformation was confirmed. 
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Abstract 

Reversible two-stand two-high laboratory mill TANDEM was used to study the effect of simulation parameters 

on the final properties of HSLA steel strip with 0.08 % C, 1.26 % Mn, 0.05 % Ti and 0.03 % Nb. The flat samples 

were heated at 1230 °C for 20 or 60 minutes and rolled from thickness of 24.0 mm to 3.2 mm by 6 passes. 

After finishing at approx. 868 °C, three different regimes of cooling were applied: free air cooling only, 

accelerated water cooling down to 560 °C followed by 1-hour stay in furnace at this temperature (simulating 

the conditions in industrial strip coil), or water spray cooling followed by free air cooling to room temperature. 

Ductility of the laboratory rolled products was almost constant. Yield stress and strength was only little 

influenced by simulation complexity after accelerated cooling, but these values were much lower after simple 

free air cooling (minus 80 MPa in average). After free air cooling, final equiaxed ferrite grain size was rather 

greater in the case of longer heating (5.2 vs 4.5 µm), but the microstructure was quite different after accelerated 

cooling when acicular ferrite occurs and pearlite disappears. The obtained results are important from the point 

of view of the physical simulation methodology. 

Keywords: Tandem, cooling mode, HSLA steel   

1. INTRODUCTION 

Hot rolling in flat product mills has mainly two functions. The first one is to reduce thickness at high 

temperatures; the second one is to achieve grain refinement of austenite which will result in appropriate 

mechanical properties. The geometry quality of rolled strip through thickness reduction is mainly controlled by 

hot rolling process parameters. Austenite evolution during hot rolling is managed by recrystallization and grain 

growth, which depend on the parameters such as thickness reduction, rolling speed, mill entry temperature 

and cooling pattern. Thus, through optimization of the rolling parameters the product quality can be improved, 

which in turn depends on thermomechanical and metallurgical histories in the strip. On the other hand, the 

process parameters have a large influence on scale thickness of the strip surface and on roll life [1]. 

The objective of the work was to investigate material characteristics as yield stress, ductility and others for 
microalloyed steel. The investigated steel had the chemical composition of 0.075 C - 1.3 Mn - 0.44 Si - 0.032 

Nb - 0.047 Ti (in wt. %). The experiment consisted of two different heating modes and three cooling modes. 

Between this, there was a six pass rolling from thickness of 24 mm to 3.2 mm [2]. The cooling modes were 

chosen to compare the simulation of cooling in the strip coil with other methods of cooling. The simulation of 

strip coil was performed by annealing after accelerated cooling with water shower and this was compared with 

free cooling and accelerated cooling without annealing.  

The experiment was intended to simulate the process of rolling and cooling of steel strips on the TŠP 1700 

rolling mill in the U. S. Steel Košice [3]. 
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2. EXPERIMENT 

Samples were divided in two different heating modes. All samples were heated to the temperature of 1230 °C, 

first group was inserted to the furnace at 20 °C and then heated for 3 hours to final temperature and then 

stayed in the furnace for another 1 hour. Second group was inserted into the preheated furnace (970 °C). 

Heating from of 970 °C to 1230 °C took 50 minutes and after that the samples stayed in the furnace for another 

20 minutes. 

The rolling had two modes. Both modes were consisted of 6 pass rolling with a difference in delay between 

second and third pass. One group has a delay approx. of 27 seconds and the other samples had a delay of 

17 seconds. The deformations of the samples were 26% for first two passes and 29.5% for the next four 

passes. This resulted in difference in finishing temperature. 

Cooling had three modes. One group of samples was cooled by atmospheric air. Second was cooled with 

shower to the temperature of 560 °C and then cooled freely on the air. The last group was also cooled by the 

shower. However, the sample after cooling with shower to the temperature of 560 °C was put into the furnace 

preheated at 560 °C for an hour. 

In Table 1, there is a schedule of the heating, rolling and cooling, where Δt2-3 is the delay between second 

and third pass, Δt4-5 is the delay between fourth and fifth pass and Tf is the finish rolling temperature. 

Table 1 Heating and cooling of samples 

Sample Heating (min) Δt2-3 (s) Δt4-5 (s) Tf (°C) Cooling mode 

L1 20 28.0 10.0 860 air 

L3 20 27.0 12.0 862 shower + air 

L4 20 25.0 11.0 869 shower + furnace 

L12 60 31.0 10.0 867 air 

L10 60 28.5 9.5 874 shower + air 

L11 60 30.0 9.5 874 shower + furnace 

L7 60 17.0 9.0 920 air 

L8 60 17.0 11.0 911 shower + air 

L9 60 16.5 11.0 926 shower + furnace 

3. TENSILE TESTS 

Two samples were taken from every rolled and cooled sample for the tensile test. Figure 1 shows the 

diameters of the samples, where a0 is the thickness of the steel strip that it was taken from. The thickness 

varies around 3.1 and 3.2 mm, depending on the finishing temperature.    

                   
Figure 1 Dimensions of tensile test samples 
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Table 2 shows the results of the tensile test of the samples. As we can see, the main difference is caused by 

the cooling solution and not by the selected heating mode. The ductility results are that the annealing is not 

beneficent for the material; however the annealed samples had better yield stress values and ultimate tensile 

strength values. The free air cooled samples had approx. about of 90 MPa lower yield stress than the annealed 

samples and the non-annealed shower cooled samples had only about of 10 MPa lower yield stress values. 

Table 2 Results of the tensile tests 

Sample Ductility (%) Ultimate tensile strength (MPa) Yield stress (MPa) 

L1 20.0 564 487 

L3 20.3 635 547 

L4 18.3 625 575 

L12 19.1 557 468 

L10 20.8 628 543 

L11 17.2 621 557 

L7 18.6 581 459 

L8 14.3 615 548 

L9 18.1 626 551 

Figure 2 shows the example of the resulting curve of the tensile test that was made after the experiment. 

There are two lines, because of two tests for each sample. They were taken from different places of the sample, 

so the results vary a bit. 

 
Figure 2 Example of the tensile test for the sample L10 

4. MICROSTRUCTURE 

There was also a metallographic analysis as a part of the study. Samples that were cooled freely on the air 

had a structure of equiaxed ferrite and grain size from 4.5 µm to 5.2 µm. The reason of this was the difference 

in heating mode, were the shorter heating resulted in a smaller grain. Difference between the samples with the 

same heating and different delay between passes was in the margin of error.  

Figures 3, 4 and 5 show the difference in the structures regarding to selected cooling mode. The main 

difference is between free cooling on the air and accelerated cooling with showers. Figure 3 shows the sample 

L1 with the equiaxed ferrite and pearlite. On Figures 4 and 5 we can see that the accelerated cooling with a 

shower changed the structure to acicular ferrite. 
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Figure 3 Sample L1 - cooling freely on the air (finishing temperature of 860 °C) 

 

Figure 4 Sample L8 - accelerated cooling with subsequent cooling freely on the air under of 560 °C  

(finishing temperature of 911 °C) 

 

Figure 5 Sample L9 - accelerated cooling with subsequent dwell in the furnace for an hour  

(finishing temperature of 926 °C) 
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5. CONCLUSION 

• The experiment was intended to simulate the process of rolling and cooling of steel strips on the TŠP 

1700 rolling mill in the U. S. Steel Košice. 

• This experiment and following tests and evaluation showed us that for this steel, the heating mode does 

not play a significant role for the mechanical properties. 

• The difference was when accelerated cooling was used, however the following annealing does not have 
significant effect on the microstructure or the mechanical properties. The yield stress was around of 470 

MPa for the samples cooled freely on the air and of 545 MPa for the samples with the use of shower 

and then cooled freely on the air. The samples that were annealed have only around of 10 MPa better 

yield stresses.  

• Ductility was best at the samples that were cooled freely on the air and slightly worse when cooled with 

shower and air. Lowest ductility was found at the accelerated cooling and annealing mode.  

• The possibility to simulate the rolling of steel strips and their cooling was investigated at the TANDEM 
mill at VŠB-TUO which is equipped with shower cooling mechanism. 
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Abstract  

Achieving a very high degree of deformation in sheet metal forming is a very complex problem. It is the main 

prerequisite for achieving an ultra-fine grain structure in the material. For the extrusion of the sheet of Cu with 

the DRECE method, at least 8-10 passes through the forming tool must be performed to achieve sufficient 

refinement of the structure. This is in contrast to a much smaller number of passages to achieve an equally 

high degree of deformation in the ECAP method when we use the passage type marked as “C”. This method 

is used for continuous extrusion of a strip of sheets. The paper analyzes the increase of mechanical properties 

and the refinement of the structure on the newly developed forming device (three-roll feed of the material 

combined with extrusion) for the Cu sheet metal strip, when choosing the “C” deformation path (rotation of the 

strip of 180° after each pass).  

Keywords: Severe plastic deformation (SPD), DRECE method, pure Cu, microstructure, mechanical  

        properties 

1. INTRODUCTION 

Scientific research results show that graded ultrafine grained Cu-based materials offer technical advantages 

by possible material property improvements (e.g. yield strength, corrosion resistance) especially when applied 

to heavily stressed components.  

During last two decades great attention was paid to materials with grains of diameter smaller than 1 μm. These 

materials were classified as Ultra Fine Grain (UFG) materials with diameter of grains of the order of 100 to 

1000 nm and nano-materials with mean diameters of grains smaller than 50 nm. This research concerned the 

whole production of UFG materials, using Severe Plastic Deformation (SPD). Use of these materials is very 

versatile - either directly as semi-products for subsequent further processing with lower number of operations 

(created structure is preserved in final products) or for production of final products from semi-products [1].  

Technologies of severe plastic deformation can be defined as processes, which create in material high degree 

of deformation in order to achieve grain refinement [2-6]. These new technologies for production of semi-

finished products with ultra-fine grained structure differ from conventional technologies. While in classical 

technologies change cross-section of the processed material, the cross-section of material processes by SPD 

remains unchanged. Several types of SPD technologies serving for production of UFG metals was developed 

already at the beginning of the nineties [5-10]. 

The goal of this study is to investigate the microstructure and mechanical properties of DRECE-processed Cu. 

The results obtained on the strip of sheets processed by DRECE are compared with the microstructure and 

mechanical properties of Cu in an initial state. Cu sheets processed by DRECE method are suitable for mass 

production [9]. 
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1.1. The concept of DRECE method 

The process of forming of material using the DRECE technique is based on making use of the material’s 

intensive plastic deformation, i.e. that this process is a combination of two known technologies, ECAP [4, 7] 

and CONFORM [10-12, 19]. As it has already been mentioned earlier, the equipment is a prototype possessed 

by the Faculty of Mechanical Engineering of the VŠB - Technical University Ostrava. The equipment consists 

of a NORD gearbox and an electromotor with speed frequency converter, which gives us the option to change 

the deformation rate even during the process, and thus allows us to flexibly react to the process progress. 

Other components include a plate clutch, a drive roller, two pressure rollers and a bottom and top forming tool. 

The pressure applied on the front pressure roller is controlled by a pair of hydraulic cylinders; the pressure 

applied on the rear pressure roller is controlled mechanically. This combination has so far proven itself when 

controlling the pressure in both non-ferrous alloys (on Al, Cu basis), as well as in sheet steel (DC01, C55). The 

machine’s design of course allows application of hydraulic control also to the rear pressure roller [13-15, 20]. 
The entire DRECE equipment is shown in Figure 1. 

 
 

(a) (b) 

Figure 1 Schematic illustration of DRECE method (a), real forming DRECE device (b) 

2. EXPERIMENTAL PROCEDURE 

The initial material was commercial pure copper, with the purity of 99.5%. This investigated material was 

supplied in a cold-drawn state. An annealing treatment was performed to the as-received material (600 °C for 
two hours), giving a grain size of ~ 40 µm. The mechanical properties of Cu are given in Table 1. The initial 

Cu samples with dimensions of 58 mm × 2 mm - 2000 mm were subjected to DRECE processing up to 10 
passes. Specimens were processed by DRECE with a tool angle α = 118° at room temperature (RT). Route 

“C” was applied, i. e. the samples were rotated about 180° between subsequent DRECE passes. The extrusion 

velocity of DRECE process was 3 mm·s-1. 

Microstructures were observed through optical (OM) and transmission electron microscopy (TEM) using 

specimens taken from sliced discs from the samples processed by DRECE method. Optical samples were 

prepared following the grinding sequence 400, 600, 1200 and then electro-polished and electro-etched with 

the solution of 30% Nital and 70% Methanol. These samples were observed through an optical microscope 

NEOPHOT 2. TEM samples were prepared using a Tecnai G2 F20. 

Hardness was measured using a vickers hardness tester al load of 5 kg for 20 s. Tensile tests were carried 

out using the tensile specimens with length of 80 mm at the strain rate of 1 s-1 at room temperature, the 

specimens for tensile testing were cuted from longitudinal (DRECE) direction. 
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3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Microstructure of pure copper 

  
(a) Initial state (b) After 2nd pass 

  
(c) After 4thpass (d) After 6thpass 

  
(e) After 8thpass (f) After 10hpass 

Figure 2 Microstructure of pure copper: initial state and processed by 2, 4, 6, 8 and 10 passes 

The light optical microscope images in Figure 2 show the microstructure of the samples in the initial state and 

processed by 2, 4, 6, 8 and 10 passes. A significant grain refine microstructure was developed even after the 
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2nd pass of DRECE, the average grain size was ~ 19 µm. The average grain size of investigated pure copper 

slightly decreases during increasing number of passes by DRECE device, but not significantly. 

Optical observation was carried out for all samples along the longitudinal section (DRECE direction). After the 

second pass through the DRECE (Figure 2b), the grains are severely deformed according to the shear plane 

direction as clearly shown in optical and TEM images. In the consecutive passes, at the deformation is 

increased, the microstructure becomes finer only slightly. However, some large grains are still present in the 

4th pass as illustrated in both optical images (Figure 2c). Further passes promote an extremely distorted 

microstructure, and it is almost impossible to clearly differentiate the morphology of individual grains by optic 

microscopy (Figures 2d-f).  

Figure 3 shows the microstructure of the Cu (99.5) sample after the 10 DRECE passes. In the tested material 

prevails the dislocation substructure, which is characterized by clusters of dislocation and initial grains are 

longitudinally deformed by slip bands. One can see that the grain refinement is rather negligible, only growth 

of dislocation density and slip bands can be observed (Figure 3a). As indicates the shape of the extinction 

contour, no formation of subgrain boundaries can be seen (Figure 3b). 

(a) (b) 

Figure 3 TEM micrograph of Cu after processed by 10 DRECE passes 

Figure 4 shows a schematic description of the evolution of the microstructure during severe plastic 

deformation, presented by E. Bagherpor and co-authors in [17]. A random dislocation distribution  

(Figure 4b) is considered as a start point, which is not a low-energy configuration. To lower the energy, this 

homogeneous distribution of dislocations rearranges itself into elongated dislocation cells. By applying more 

deformation, the misorientation increases and these cells become elongated subgrains (Figure 4c). These 

elongated subgrains are characteristic features of copper or more FCC metals under deformation. As seen in 

Figure 4d, by further straining these elongated subgrains are, in their turn, plastically deformed, leading to 

further breakup. By shear deformation, inducing during DRECE process, the dislocation fluxes on both sides 

are reversed, leading to first, reduction of the stored excessive dislocations introduced in the boundaries by 

the activation imbalance, and second, disintegration of misfit dislocations. Therefore, strain reversal might lead 

to diminishing the misorientation angle and/or to eliminating the dislocation boundaries (Figure 4e). Finally, by 

more strain, more boundaries diminish and the final microstructure consists of the larger sizes with lower 

fraction HAGBˈs and dislocation density (Figure 4f). Conclusions, presented by E. Bagherpor and co-authors 

in [16-18], were confirmed by our experimental and investigated results (see Chapter 3.1. and Chapter 3.2.). 
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Figure 4 Schematic illustration of microstructure evolution during severe plastic deformation: (a) Initial cell 

structure, (b) Homogeneous distribution of dislocations, (c) elongated cell formation, (d) dislocations 

blocked by subgrain boundaries and break up of elongated subgrains, (e) diminishing of misorientation 

angle and/or to complete elimination of the dislocation boundaries, (f) final microstructure [17] 

3.2. Mechanical properties of pure copper 

The Yield stress (Rp0.2), the Ultimate tensile strength (Rm) and the elongation to failure (A80) as a function of 
the number of DRECE passes are shown in Figure 5 and in Table 1. The yield stress increased from ~ 135 

to 252 MPa while the Ultimate tensile strength raised from ~ 250 to 374 MPa even after the second pass of 

DRECE. Further DRECE passes yielded only a slight increase in both the Yield stress and the Ultimate tensile 

strength. The maximum values of Rp0.2 and Rm were about 255 and 390 MPa, respectively. Concerning the 

ductility of the DRECE-processed samples, the elongation to failure decreased from ~ 40 to ~ 15 % 

immediately after the second pass. Additional DRECE passes did not result in a considerable change in the 

elongation to failure.  

Table 1 Mechanical properties of pure copper  

 Yield stress Rp0.2 

(MPa) 
Ultimate tensile 

strength Rm (MPa) 
Elongation to failure 

(%) 
Vickers hardness 

HV5 (-) 

Initial state 135 250 40 59 

2nd pass 252 374 15 108 

4th pass 255 385 10 115 

6th pass 253 385 10 115 

8th pass 255 386 10 115 

10th pass 255 390 9 118 
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Figure 5 The Yield stress (Rp0,2), the Ultimate tensile strength (Rm) and the elongation to failure (A80) as a 

function of the number of DRECE passes  

The dependence of DRECE process on the Vickers hardness shows Figure 6. The hardness increased from 

~ 59 to 108 after the second pass. Additional DRECE passes has not a significant influence on the Vickers 

hardness. Maximal value, 118 HV5, of hardness was obtained after the 10th pass. 

 

Figure 6 The Vickers hardness HV5 as a function of the number of DRECE passes 

4. CONCLUSION 

The commercial pure copper (99.5 %) was processed by DRECE up to 10 passes at room temperature. The 

microstructure and the mechanical properties were studied as a function of number of DRECE passes using 

OM, TEM and tensile testing. The following conclusions have been drawn: 

• The Yield stress and the Ultimate tensile strength saturated at a value of about 255 MPa and 390 MPa, 

respectively. The value of Yield stress indicates that dislocations give the major contribution to the 

strength. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

493 

• The strong grain refinement observed after the 6th pass (15 µm) is in good agreement with results from 

tensile testing. 

• The average grain size evolution corresponds with tensile properties. Grain size of sample after 6th and 

more passes is remained same.  

• More DRECE passes increases the strength properties of copper based on an increase the dislocations 
density. 
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Abstract  

This paper deals with optimization of roll cooling during hot rolling of tubes in stretch reducing mill (SRW) in 
Železiarne Podbrezová. Temperature of the tube after rolling in SRW should be higher than Ar3 as much as 

30 - 50 °C. Current practice in SRW cooling system in Železiarne Podbrezová utilizes nozzles A with nominal 

flow rate of 10 l/min. These nozzles cannot maintain stable spray cone for lower flow rates that are necessary 
to pass the Ar3 rolling temperature limits. Prospective nozzles B with nominal flow rate of 5 l/min were tested 

and evaluated. Although the highest possible rolling temperature is of primary importance here, overheating 

of the rolls should be avoided at all costs. All our experiments were carried out with single temperature of the 

furnace in which hollows are preheated prior to rolling. Surface temperature of the rolls was measured by 

means of K-thermocouple contact measurement system. 

Keywords: Seamless steel tubes, stretch reducing mill, roll temperature, roll cooling 

1. INTRODUCTION  

Stretch reducing mill is a hot rolling mill for manufacturing of seamless tubes (see Figure 1). By means of this 

forming equipment, final tube dimensions and final mechanical properties of hot rolled tubes are achieved after 

cooling [1-5]. During rolling of seamless tubes in a stretch reducing mill (SRW) the tubular feedstock (the 

hollow) of a moderate length passes several stands with circular or oval rolling gap without using any internal 

tool. During stretch reducing the diameter and wall thickness of the hollow are changed, depending on the final 

dimensions. The input feedstock of a moderate length is usually stretched in row of rolls, depending on the 

final dimension. The stretch reducing mill can be used [1-6]: 

• To extend the production range of tubes of small dimensions,  

• To produce the tubes with small and medium diameter,  

• To reduce the production costs. 

 
Figure 1 Numerical model of stretch reducing mill [2] 
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According to technological and operating norms of hot roll plant, the total reduction of diameter should not 
exceed 80 % [7-8]. The reduction is determined for i-th SRW stand as follows: 

1

1

i i
i

i

D D
R

D

−

−

−
=  (1) 

where: 

 Ri - diameter reduction in i-th SRW stand (%), 

 Di - hollow diameter in i-th SRW stand (mm), 

 Di-1 - hollow diameter in (i-1)-th SRW stand (mm). 

The rolls condition in SRW stands are of vital importance for obtaining the final diameter of the tube. In this 

process, it is necessary to focus on the surface temperature of the hollow and optimal surface temperature of 

the rolls. Therefore, decision has been made to optimize the roll cooling process by means of new nozzles 

with a smaller flow rate. With these nozzles we were aiming towards rolling in homogenous austenitic state of 

the material (i.e. 30 - 50 °C over the austenization temperature) and we also wanted to ramp up the finishing 

temperature as well. The aim of this article was comparison of the cooling efficiency of two types of nozzles 

during hot rolling of tubes in stretch reducing mill in Zeleziarne Podbrezova.  

2. MEASURMENT METHODOLOGY AND INSTRUMENTS 

When choosing the appropriate methodology of temperature measurement, two basic methods were at our 

hand: contact and contactless. The contact method proved to be more suitable for measuring the surface 

temperature of the roll [7-12]. Contactless 

measurement would be very difficult to use for 

several reasons (for instance the low emisivity of 

a rather glossy working surface of the roll, the 

presence of cooling water, steam etc.) 

Customized K-type thermocouple (TC) probe was 

used during our experiments. Based on our pilot 

measurements it can be concluded that the 

measurement methodology by means of TC probe 

was well chosen and successful. The 

measurement itself was carried out while the 

stretch reducing mill was put to a halt (cooling 

water and roll drives were turned off). The TC 

probe was put on the measurement spot of the 

working surface of the roll and the signal was 

recorded by a computer [11]. To ensure a reliable 
measurement (see Figure 2), the following 

conditions need to bemet [9-14]: 

• Perpendicular orientation of the probe body with respect to the roll surface [9-11],  

• The rectangular sensing ribbon should be aligned so that the longer side matches the roll circumference 
[10-12],  

• The measurement spot should lie on the symmetry plane of the working surface of roll [9-11], 

• The measurement should take at least 5 seconds while fulfilling all the conditions mentioned above        

[9-11].  

Figure 2 Detailed view on the working surface of the roll 

with red arrow pointing at the measurement spot when 
using contact temperature probe 
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3. EXPERIMENTAL MATERIAL 

The experiment was carried out during the process of hot rolling of seamless steel tubes at Železiarne 

Podbrezová. For this experiment the tubes with the diameter (OD) 26.9 mm and the wall thickness (WT) 

2.6 mm were selected. These dimensions are quite extreme from thermal point of view as the very fast cooling 

of the material can be observed during stretch reducing. The steel grade chosen for the experiment was fairly 

ordinary and indicated in internal report [7]. The parameters of the process were as follows [7]: 

• Feedstock (hollow) with the diameter 140 mm, 

• Cooling power (%) for nozzle type A, 

• Cooling power (%) for nozzle type B, 

• Standard productivity of tube hot rolling plant in Železiarne Podbrezová 

The diameter reduction used in our SRW rolling experiment (see Figure 3) is equal to the reduction observed 

during standard rolling process of tubes with OD = 26.9 mm. 

 

Figure 3 Diameter reduction for tubes with OD = 26.9 mm 

In our experiment the cooling power for nozzle A and nozzle B was proposed. The cooling power for nozzle B 
was set up twice as high as for nozzle A. In Figure 4 a graphical representation of cooling power for both types 

of nozzles is shown. 

 

Figure 4 Comparison of cooling power of nozzle type A and nozzle type B 
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4. RESULTS 

The experiments were carried out by means of contact temperature measurement. The first part of experiment 

was conducted with the nozzles having 10 l/min nominal flow rate (type A). The experiment involved SRW 

rolling of 300 hollows into tubes until stable surface temperature of the rolls and the final roll temperature were 

achieved. It was necessary the measure the roll temperature several times, therefore the final number of hot 
rolled tubes was set to 415 pieces. The result of surface temperature measurement can be seen in Figure 5. 

 

Figure 5 Measurement of surface temperature of rolls (A-type nozzles with nominal flow rate of 10 l/min.) 

The second part of the experiment started with the replacement of nozzles. This time, nozzles with flow rate 

of 5 l/min (type B) were used. After all the nozzles were replaced, it was planned to roll 600 hollows into tubes 

to quantify the cooling effect of B-type nozzles. Therefore the final number of hot rolled tubes was set to 815 
pieces. The result of surface temperature measurement can be seen in Figure 6. 

 

Figure 6 Measurement of surface temperature of rolls (B-type nozzles with nominal flow rate of 5 l/min.) 
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5. DISCUSSION 

The main object of this paper as it was mentioned in the introduction was the optimization of finishing 

temperature of SRW tube rolling by means of changing of cooling nozzles. The decrease in the cooling effect 

of nozzles with flow rate of 10 l/min was supposed to be observed as the final effect. A further contribution 

could be seen in final mechanical properties of the tube or more precisely in the tube produced by normalized 

rolling. In case of the positive outcome it would not be necessary to carry out the subsequent annealing. The 

results of the experiment show only a slight increase of the finishing temperature - on average by 15 °C. In 
Figure 7 the finishing temperature is compared for both types of nozzles (A-type with 10 l/min and B-type with 

5 l/min, respectively) [13-17]. 

 

Figure 7 Comparison of finishing temperature using two types of cooling nozzles 

Our experiment proved that the usage of nozzles with flow rate of 5 l/min is efficient only for good cooling of 

SRW rolls. It does contribute to the finishing temperature only slightly. This nozzle is capable of cooling the roll 

until the surface temperature ranging between +/- 5 °C is achieved for specific surface temperature of roll. In 

both cases, the rolls have the optimum working temperature in all SRW stands. The decrease of the flow rate 

from 10 l/min to 5 l/min causes the lowering of the cooling intensity of the rolls. As a result, the increase of the 

roll temperature was observed. This poses a risk of the roll or stand getting damaged or quality of the surface 

of rolled tube deteriorating. Nevertheless, the hollows are cooled more intensively in the last 5 SRW stands. 

6. CONCLUSION 

Based on the study of the effect of nozzles on the increase of finishing temperature during SRW rolling and 

their efficiency, the following conclusions can be drawn: 

1)  The temperature of the rolls measured during test using two types of nozzles provided significant 

information. 
2)  The change of nozzles A to nozzles B has a slight effect on finish rolling temperature (see Figure 7). 

3)  Less intensive cooling can be used in a controlled manner in case that the value Ar3, which is lower than 

815 °C, is determined. 

4)  By decreasing the cooling intensity, the temperature of the rolls increases, which causes the low quality 

of tube surface. 
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Abstract 

Modern approaches and materials must be used to achieve mass reduction of car body parts. Important step 

is to depict processing of these materials in detail. This article deals with a comparison of deep drawing test 

of DP500 steel and results of numerical simulation. To achieve this a forming tool with simple shape was 

designed. The goal of this article is to evaluate prediction of defects (splits, wrinkling, necking and marking 

lines) in designed stamping. 

Keywords: Deep drawing, numerical simulation, DP500 steel, outer car body parts, mass reduction 

1. INTRODUCTION 

Mass reduction of modern cars is according to stricter emission limits a very important topic. Body in white 

(BIW) is a section of a car where most of weight reduction is being carried out. Weight reduction achieved 

through removing of e.g. air-conditioning or electrically positioned seats would cause an attraction decrease 

of customers. Reducing weight of BIW while maintaining its safety properties does not cause the same 

problem. Outer car body parts as a part of BIW also have a potential for weight reduction. The disadvantage 

of exposed parts is their demanding design and great depth. Used materials must have superb ductility and 

plastic properties. Final parts must also meet minimal stiffness and dent resistance, must be convenient for 

assembly and have good surface quality [1].  

A few different approaches can be used for mass reduction of exposed steel parts. One possibility is to use 

materials or alloys with lower density than steel (e.g. aluminium, magnesium, titanium, plastics). The problem 

is that parts made of these materials are mostly more expensive than steel equivalents, require significantly 

more time to produce or doesn’t have the qualitatively same properties at the end. Another approach is to use 

sandwich plate system (SPS), which benefits from strength of the steel and low density of polymer core. The 

disadvantage is a problematic joining and lacking possibility of hot-dip zinc coating and phosphating. Third 

eventuality is to use steel with higher strength properties and good formability and plastic properties. 

Advantages and disadvantages of this approach are discussed in this article [2,3].  

The goal of this article is to evaluate accuracy of numerical simulation of DP500 and 3 different material models 

of this steel. For this purpose, a set of cup test and deep drawing test of box shaped stamping were carried 

out. 

2. DP500 (CR290Y490T-DP) 

DP500 steel is a part of dual-phase steel family. The structure consists of ductile ferritic matrix and hard 

martensitic phase dispersed in the form of islands. It is a low carbon steel with a 10 - 40 % share of martensite. 

This combination allows a good combination of hardness, ductility and weldability.  

DP500 is thanks to high absorption capacity and fatigue strength commonly used for structural parts of BIW. 

Another benefit is presence of BH effect. Due to complexity of sheet metal forming stress states, formability of 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

502 

DP500 can’t be stated by a single index and results from mechanical properties. Selected mechanical 
properties of 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 

EN 10338 
designation 

Common 
designation 

Rp0,2 Rm A80 mm rm/20 n10-20/Ag BH2 - - 

MPa MPa %  - - MPa - - 

CR290Y490T-DP 290 - 380 490 - 600 ≥ 24 (≈1.0) ≥ 0.15 ≥ 30 HCT500X DP500 

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 

3. CUP TEST 

The goal of this test was to verify material model of DP500 through both numerical simulation and cup test. 

Actual geometry of punch, blank holder and die were scanned into .stl models, which were used in numerical 

simulation. The punches used in the test varied in radius at its bottom: from 0.5 mm to 2.0 mm. During the 
whole test a single die and blank holder were used. The dimensions of the tools are shown in Table 3.  

Table 3 Dimensions of tools used in Cup test 

Figure 1 Forming tools used in Cup test in the left, scanned punch in the right 

Tool 
Diameter Height Draw radius 

mm mm mm 

Punch Outer 44.7 20.0 0.5 - 2.0 

Die Inner 47.0 14.0 5.5 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

503 

Standard grid pattern (element size 1 mm, relative distance of elements 2 mm) was applied on the surface of 

blanks. The thickness of the blank was 0.6 mm. Both 62 mm and 82 mm round blanks were prepared for the 

test. Test was done with a universal hydraulic press. Blank holder force was increased between the tests to 
reach fracture in the cup. Forming tools and scanned model of punch are shown in Figure 1. 

The result of the test is that blank holder force must proportionally increase in respect to yield strength of tested 

material. Drawn cups were photographed and thickness reduction was evaluated. The result is that chosen 

grid pattern is not suitable for this test. Selected grid pattern is too coarse. The results worsen with lowering 

value of punch radius. Verification of numerical simulation and Cup test must be amended with metallography 

cut and thickness measurement or done with finer grid pattern. Picture of photogrammetric analysis and result 
of numerical simulation are shown in Figure 2. 

 

 

Figure 2 Result of photogrammetric analysis in the left (positive logarithmic thinning), result of numerical 

simulation in the right (negative percentual thinning) 

4. DEEP DRAWING TEST OF BOX SHAPED STAMPING 

To verify material models of selected materials a deep drawing tool was designed. The product of these tools 

is a simple shaped box stamping. Blank holder and die are slant so that the edge in the bottom of a box could 

cause a marking line, which will be evaluated in other experiments. Forming tools are shown in Figure 3.  

 

 

Figure 3 Geometry of tools (punch and blank holder in the left, die in the right) used for drawing the box 

shaped part (real blank holder and die have drawbeads) 
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In this experiment 235 mm x 265 mm blanks were used. Group of blanks were degreased, another group 

remained pre-lubed and the last group was additionally lubed. Blanks with both hot-dip and galvanized zinc 

layer were used. On selected blanks a deformation grid (same dimensions as in Cup test) was applied. The 

die (upper tool) was moved in 3 different final positions: lower end, 5.5 mm up from lower end and 10.7 mm 

from lower end. Numerical simulation was also evaluated in all 3 die positions and all lubrication states. An 

example of measured stamping and result of photogrammetry analysis is shown in Figure 4. 

 

Figure 4 Photogrammetry analysis in the left, result of photogrammetry analysis in the right 

For numerical simulation the machining data were used. Surface of forming tools used in numerical simulation 
is pictured in Figure 5. The No-Bearing areas of the blank holder was set according to real tryout. A set of 

numerical simulations were run and evaluated.  

 

Figure 5 Forming tools in numerical simulation 

The result of this test is that correspondence of numerical simulation and deep drawing test greatly varies 

according to lubrication of blanks. The best match (approximately 5% difference) of numerical simulation was 
in situation of pre-lubed blanks. The result of physical stamping of pre-lubed blank is shown in Figure 6 and 

the result of numerical simulation of pre-lubed blank is shown in Figure 7. In both degreased blanks and 

additionally lubed blanks the match is not that good. The maximum values may be in good correspondence 

but the overall distribution of thinning is not coincident with physical stamping. The disagreement of overall 

distribution of thinning is very similar for all tested material models. 
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Figure 6 Result of photogrammetry analysis of pre-lubed blank (percentual thinning)  

 

Figure 7 Result of numerical simulation of pre-lubed blank (percentual thinning) 

Facts mentioned above express the need for better description of tribology states in numerical simulation. 

Single coefficient of friction is not sufficient. Amount of lubrication, tool roughness and surface morphology of 

both blank and tools must be also considered. 

5. CONCLUSION 

This article follows up problematics of mass reduction of cars, which is a significant topic. Three possible ways 

of mass reduction are mentioned in the introduction. Discussed possibility of mass reduction of outer car body 

parts is an application of dual-phase steel DP500. Most innovations are first tried out in numerical simulation. 

To achieve satisfying results a correct material model and settings must be used. To evaluate the accuracy of 

material model of DP500 two different experiments were performed: A Cup test and Deep drawing test of a 

box shaped stamping. The result of a Cup test is that to evaluate physical tests a finer grid pattern must be 

used because of sharp edges in the bottom of the cup. Another possibility is to amend this experiment with 
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metallography cut and measurement. The result of deep drawing of box shaped stamping is that the accuracy 

of numerical simulation greatly varies according to lubrication of parts. In case of nonstandard lubrication of 

blanks, the thickness reduction does not correspond in several sections of the stamping [4].  

Facts mentioned above express the need for better description of tribology states in numerical simulation. 

Single coefficient of friction is not sufficient. Amount of lubricant, tool roughness and surface morphology of 

both blank and tools must be also considered. The evaluation of material models is not easily feasible in real 

forming tools because differences in models are minor. Inaccuracies in the input of numerical simulation does 

greatly influence the result. To evaluate a feasibility of selected outer car body parts is a possible solution to 

create several material models which represent both upper and lower formability limits of selected materials 

and to simulate each new part with use of both material model. Solution to mentioned problematics may also 

improve application of new modern perspective materials. Additional effect of correct setting of tribology state 

may also reduce the cost of forming tools thanks to reduction of production and design corrections [5,6].  
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Abstract 

The manufacturing of high quality steels is connected to high temperatures at which the material reacts with 

the surrounding atmosphere. A layer of iron oxides (scales) is formed on the surface of the steel. To ensure a 

high quality product, the layer must be removed prior to any metal forming operation. The mass production of 

steel requires a quick and effective method of descaling. In the overwhelming majority of cases, the descaling 

is performed by high pressure flat jet water nozzles placed in a row. This article builds on the previous texts 

on the process optimization and further studies the effect of the offset angle of the nozzles on the uniformity 

of the cooling impulse on the surface of the hot rolled steel strip. Current research has brought a significant 

improvement in the area of measurement of the heat transfer coefficient. The article compares two 

configurations of nozzles and presents the impact pressure measurements and corresponding heat transfer 

coefficient measurements for both of them. The results obtained so far show that the commonly used 

configuration is not optimal from a cooling point of view. The new suggested configuration presents a new 

method of making the cooling impulse and the cooling rate more uniform along the width of the hot rolled steel 

strip of the descaled surface. 

Keywords: Hot rolling, descaling, heat transfer coefficient, scales 

1. INTRODUCTION 

High pressure hydraulic descaling is a very common way of removing the iron oxides (scales) from the surface 

of the steel plate before the plate undergoes the hot rolling process. Descaling is performed by a descaler, 

which is a row of high pressure flat jet nozzles that creates a water knife along the width of the steel plate. 

Since one nozzle cannot usually cover the whole width of the steel plate, the water jets must overlap in certain 
parts of the descaled area. These areas are called overlap areas and are illustrated in Figure 1. 

The overlap areas are connected with intense cooling that can also influence the microstructure of the hot 

rolled steel [1]. Uniformity and stable conditions for descaling (and cooling) are the key for a quality product 

that can be used in future production [2]. 

So far the heat loss during descaling has been studied right under the nozzle in a wide range of experiments 
[3-6]. The heat loss can be quantified by heat transfer coefficient h which is the ratio of heat flux and the 

temperature difference between the water and the descaled surface. The heat transfer coefficient h depends 

on several factors in the process, mainly on the water pressure, water flow and height of the nozzle and also 

on the speed of the hot rolled steel in the mill and its temperature [7]. 

The published simulations assume a constant heat transfer coefficient along the steel strip [8]. 

This article builds on previous publications [9] and [10], which introduced the impact pressure measurements, 

the erosion measurements and heat transfer coefficient measurements of the suggested configurations. Since 

then a new measurement method has been implemented that has significantly improved the distinguishability 

of the heat transfer coefficient as a position dependent variable. This article puts into context the results of the 

impact pressure of the water jet and its corresponding heat transfer coefficient in the overlap area of the water 

jets. 
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2. NOZZLE CONFIGURATION  

The descaling nozzle is characterized by its spray angle and flow rate at a given water pressure. Our tested 

nozzles had a spray angle of 45° and a flow rate of 58 l/min at 40 MPa. Two nozzles were tested in the inclined 
standard configuration that is shown in Figure 1. The configuration is summarized in Table 1. 

The new inline configuration had an offset angle of zero. All other parameters were the same as in the previous 

test. The offset angle of zero means that in practice the water jets collide above the surface of the steel. 

 

Figure 1 Inclined nozzle configuration 

Table 1 Nozzle configuration 

Spray angle (°) Flow rate (l/min) Pressure (MPa) Pitch (mm) Height (mm) Offset (°) Inclination (°) 

45 58 40 43 55 
Inclined = 15 

Inline = 0 15 

3. EXPERIMENTS 

Two types of experiments were performed in order to illustrate the connection between the water impact 

pressure and the corresponding heat transfer coefficient. The data regarding water impact pressure was 

already presented in article [9].  

3.1. Impact pressure measurements 

The measurements of the impact pressure were made on a laboratory device that consisted of a circular 

moving plate with a pressure sensor that was placed in the center of the plate. The diameter of the sensor was 

1 mm. The plate slowly moved in X/Y direction and the pressure is measured as a position-dependent value. 

3.2. Heat transfer coefficient measurement 

The determination of the heat transfer coefficient consists of two steps.  

First the descaling conditions are tested on the laboratory test bench (Figure 2). The descaled steel specimen 

is equipped with a thermocouple that is placed inside the specimen, very near to the surface. The relative 

positions of the thermocouple and the nozzles are set in such a way that the thermocouple records the 
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temperature under the surface of the overlap area (see Figure 1). The specimen is heated to 900 °C, placed 

on the moving carriage and moved along the bench at a speed of 2 m/s. After the experiment, the temperature 

history is gathered in the computer and the inverse heat conduction algorithm is used for further data 

processing. The algorithm produces the computed temperature at the surface and the corresponding heat 
transfer coefficient (see Figure 3). The principle is outlined in [6]. 

 

Figure 2 Scheme of laboratory test bench 

 

Figure 3 HTC explanation 

4. DATA EVALUATION 

The impact pressure outside the overlap area moves within a range from 3.5 MPa up to 5 MPa. The gradual 

rise in the pressure in the inclined configuration is caused by the positive offset angle. 

The overlap area of the inclined configuration is 18 mm in length in the rolling direction and the distance 
between the jet footprints is approximately 15 mm (see Figure 4). The maximal impact pressure in this area 

is ranges from 4.8 MPa to 5 MPa. The reduced impact pressure of the second nozzle ranges from 1.9 MPa to 

2.1 MPa. 
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The overlap of the inline configuration was only 4 mm in length (see Figure 5). The area had one peak. 

The maximum pressure measured was 10.7 MPa. 

 

Figure 4 Impact pressure distribution of the inclined configuration 

 

Figure 5 Impact pressure of the inline configuration 

The measured temperature drop is shown in Figure 6. The dotted line represents the computed temperature 

drop on the descaled surface. The measurements are set in such a way that the zero position corresponds to 

the place where the water jet hits the surface. The heat transfer coefficient was determined as a position 
dependent value and is shown in Figure 7. 
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The inclined configuration led to the surface cooling down to 400 °C. The graph of heat transfer coefficient 

shows two peaks that correspond to the water jet footprints on the surface. Even though the first peak is higher 

than the second, the first one corresponds to the reduced impact pressure of the right nozzle with an average 

impact pressure of 2.2 MPa in overlap area. The distance between these peaks is 15 mm (the same as the 

measured distance of the water jet footprints) which confirms the accuracy of these measurements. The 

maximum values at the peaks were 64,040 Wm·-2K·-1 and 43,253 W·m-2·K-1. 

The inline configuration had only one peak. This intensive cooling causes the decrease of the surface 

temperature down to the 477 °C. Nevertheless, it is a very short impulse and the temperature is recovered 

very quickly. The maximum value at the peak was 67,448 W·m-2·K-1. 

 
Figure 6 Temperature 

 
Figure 7 Heat transfer coefficient as a position dependent variable  
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5. DISCUSSION 

The outcomes of the experiments show that the most important heat loss is caused by the cooling length of 

the configuration (i.e. by the positive offset angle). The positive offset angle caused two peaks of maximum 

heat transfer coefficient and led to unnecessary long cooling of the surface.  

The first maximum of the heat transfer coefficient was very similar in both experiments despite the fact that the 

impact pressure was very different. The corresponding impact pressures were approximately 5 times higher 

in the inline nozzle configuration in comparison with the inclined configuration. The heat transfer coefficient in 

the case of the inclined configuration was higher when the impact pressure was reduced. This behavior can 

be partially explained by the water that is reflected by the surface and gathers in the area between the jet 

footprints.  

6. CONCLUSION  

The observations presented in this article strongly suggest that the offset angle contributes significantly to the 

unnecessary overcooling of the surface during descaling and should be minimized. The positive offset angle 

also causes inhomogeneous cooling along the descaled surface. An offset angle with a range of 0° to 5° is 

recommended since the setting of the operating nozzles in descalers is very coarse. 
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Abstract  

The cold drawn wires are used to spring manufacturing in automotive and whiteware equipment. The most 

important mechanical properties of the wire used in spring production are tensile strength and minimum 

number of twists in the torsion test. In this study, the change of mechanical properties was examined by 

drawing wire with a diamater of 3.80 mm from wires with diameters of 7.00 and 8.00 mm diameter by cold wire 

drawing. The 3.80 mm wire was drawn from both the 7.00 mm wire at 6 steps with a diameter reduction of 70 

% and from 8.00 mm wire at 7 steps with a 77 % diameter reduction. Following the production of the 3.80 mm 

wires, the values of tensile strength, elongation, elongation ratio, torsion, galvanizing thickness as micro, 

surface quality as macro were investigated by mechanical and microscobic analyzes. 

Keywords: Mechanical properties, high carbon galvanising coated steel wire, microscopic analyze 

1. INTRODUCTION 

Wire drawing; a piece of thick cross-section is passed through the drawing die, reduction process. Generally 

speaking, any material that may deform under the minimum conditions necessary for wire drawing may be 

subjected to the drawing process [1]. Circular cross-section wire is come across in the areas of conductor 

wires, musical instruments and packaging industry, especially steel industry and welding industry. A rod of 

steel is pulled through a hole in a forming tool that has a smaller diameter than the rod [2,3]. The forming tool, 

which is called the wiredrawing die, is designed in such a way that the rod is not ‘shaved’ but is plastically 

deformed such that its diameter is reduced to the same diameter as the hole in the die without any metal being 

removed [4]. 

 
Figure 1 Schematic view of wiredrawing die [5] 
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Wire drawing is different from conventional cold drawing methods by diameter reduction process with more 

than one drawing die and this process varies according to final wire diameter and lubricant change [4,6]. During 

wiredrawing process, the surface and mechanical properties of the wire depend on the die angle, wire drawing 

speed, temperature, lubrication and reduction ratio [7]. Calculation of reduction ratios and input-output 

diameters is of great importance for determining the mechanical properties. Tensile and expansion properties 

are the most important mechanical properties that determine the identity of the material. Deformation rate and 

strength are parameters that are proportional to each other [8]. So that the change in inlet diameter increases 

the amount of deformation affecting the unit area of the material, and as a result, an increase in strength is 

observed. Although the maximum reduction ratio per pass is 63 %, the surface quality is lower than 45 % 

reduction. 

2. EXPERIMENTAL DETAILS 

The steel material for the experimental study was Ø 7.00 mm and Ø 8.00 mm wires from wt.% 0.83 C  
(Table 1). The wires were subjected to heat treatment in industrial conditions on the patenting production line. 

After passing from a patenting line the wires were subjected to a surface treatment, ie. washing in water, 

pickling in HCl, by rinsing in a cold water and then galvanizing. After galvanizing, Ø 7.00 mm and Ø 8.00 mm 

were drawn to Ø 3.80 mm.  

Table 1 Steel chemical composition 

C % Mn% Si% P% S% Cu% Cr% Ni% N% V% 

0.81 0.50 0.21 0.01 0.015 0.012 0.03 0.017 0.004 0.001 

Ø 3.80 mm wire was drawn from both the Ø 7.00 mm wire at 6 steps with a reduction of 70 % and from Ø 8.00 

mm wire at 7 steps with a 77 % reduction. The reduction values, reduction angles and diameter for each steps 
used for wire drawing are shown in Table 2. The galvanized wire samples and cold drawn wire samples were 

pulled with the universal tensile testing unit Zwick 5kN with test speed: 0.006 sn-1, 250 mm jaw distance and 

5 MPa pre-load according to TSE EN ISO 6892-1 Method B. Yield strength, tensile strength, elongation ratios 

were compared according to the result of tensile test. The torsion test was conducted with 300 mm sample 

length according to TS EN ISO 10218-1. The torsion results were compared according to the fractures 
occurring during torsion test which are shown in Figure 2 (The fracture of the torsion test piece must be 

perpendicular to the wire axis). The galvanizing layer was examined with optical microscope and the surface 

quality was examined with stereo microscope. 

Table 2 % Reductions, reduction angles and diameters for each step 

Initial 8.00mm 
Reduction 

Angle 
Reduction%    Initial 7.00mm 

Reduction 
Angle 

Reduction% 

1 7.06 10° 22.16   1 6.22 10° 20.92 

2 6.27 10° 21.16   2 5.57 10° 19.92 

3 5.60 10° 20.16   3 5.02 10° 18.92 

4 5.03 10° 19.16   4 4.54 10° 17.92 

5 4.55 10° 18.16   5 4.14 8° 16.92 

6 4.15 10° 17.16   6 3.80 8° 15.92 

7 3.80 8° 16.16           
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Figure 2 Evaluation of fractures occurring during torsion test 

3. RESULTS AND DISCUSSION 

Ø 7.00 mm and Ø 8.00 mm galvanized wires mechanical properties are shown in Table 3. The cold wire 

drawing process increases the tensile strength (σm) and yield strength (σ0,2) because of a strengthening 

mechanism with decrease of the elongation(ductility). Ø 3.80 mm galvanized wires mechanical test results can 
be seen in the Table 4.  

Table 3 Ø 7.00 mm and Ø 8.00 mm galvanized wires mechanical properties 

d0 (mm) S0 (mm²) mE (GPa) Rp0.2 (Mpa) Rm (MPa) A100 (%) 

8.00 50.27 77 1041 1338 6.7 

7.00 38.48 89 1071 1413 5.7 

 

Figure 3 Strain - Stress curve of Ø 7.00 mm and Ø 8.00 mm galvanized wires 

At this point, the effect of the initial diameter on the tensile and yield strength is clearly visible. After wire 

drawing, Ø 3.80 mm wire tensile strength was increased from 1338 MPa to 1841 MPa where initial diameter 

was Ø 8.00 mm. Ø 3.80 mm wire tensile strength was increased from 1413 MPa to 1814 MPa where initial 

diameter was Ø 7.00 mm. As seen from the results, 1.00 mm increase in initial diameter causes 1.48 % 

increase in tensile strength. The elasticity of initial diameters Ø 7.00 mm and Ø 8.00 mm are almost the same 

when strength-yield ratio are taken into consideration. It is seen that the tensile strength and the yield strength 

increases as the entry diameter, (total reduction) increases. 
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Table 4 Ø 3.80 mm (from Ø 8.00 mm) cold drawn galvanized wires mechanical properties 

From Ø 8.00 mm to Ø 3.80 mm 

Series n=25 d0 (mm) S0 (mm²) mE (GPa) Rp0.2 (MPa) Rm (MPa) A100 (%) 

x 3.80 11.34 194 1541 1841 1.9 

s 0 0 9 32 7 0.1 

 

Figure 4 Strain - Stress curve of Ø 3.80 mm galvanized which was drawn from Ø 8.00 mm 

Table 5 Ø 3.80 mm (from Ø 7.00 mm) cold drawn galvanized wires mechanical properties 

From Ø 7.00 mm to Ø 3.80 mm 

Series n=25 d0 (mm) S0 (mm²) mE (GPa) Rp0.2 (MPa) Rm (MPa) A100 (%) 

x 3.80 11.34 185 1522 1814 2.0 

s 0 0 7 33 5 0.1 

 

Figure 5 Strain - Stress curve of Ø 3.80 mm galvanized which was drawn from Ø 7.00 mm 

Ø 3.80 mm cold drawn galvanized wires were examined for the galvanizing thickness under the optic 

microscope as micro with 100x zoom. Also wires were examined for the surface quality under stereo 
microscope as macro. Both of examining pictures can be seen in the Figure 6. Because of wire drawing steps, 

the galvanizing layer was thicker which was drawn from Ø 7.00 mm wire. (Average galvanizing thickness of 

wire drawn from 8.00 mm is 33.4 µm, drawn from 7.00 mm is 53.7 µm) 
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Figure 6 Galvanized tickness and surface quality a. Image of optical microscope drawn from Ø 8.00 mm to 

Ø 3.80 mm b. Image of stereo microscope drawn from Ø 8.00 mm to Ø 3.80 mm c. Image of optical 

microscope drawn from Ø 8.00 mm to Ø 3.80 mm d. Image of stereo microscope drawn from Ø 8.00 mm to 

Ø 3.80 mm e. Image of optical microscope drawn from Ø 7.00 mm to Ø 3.80 mm f. Image of stereo 

microscope drawn from Ø 7.00 mm to Ø 3.80 mm g. Image of optical microscope drawn from Ø 7.00 mm to 

Ø 3.80 mm h. Image of stereo microscope drawn from Ø 7.00 mm to Ø 3.80 mm 
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Torsion test is conducted for assessing the deformability, fracture behaviour and surface condition. Torsion 
test results of Ø 3.80 mm cold drawn galvanized wires can be seen in Figure 7 and Table 6. Because of higher 

reduction ratio, number of twist in the torsion test is better which is drawn from Ø 8.00 mm.  

 
Figure 7 Number of twist in the torsion test 

 

The fracture of the torsion test pieces was being perpendicular to the wire axis which was drawn from Ø 8.00 

mm. Fracture of torsion test surface was the worst which was drawn from Ø 7.00 mm. According to minimum 

number of twist in torsion test results and the fracture of test pieces, initial diameter affects both of them. 

Table 6 The fracture of the torsion test pieces (compared according to Figure 2) 

Wires 
The fracture of the torsion test pieces  

1 2 3 4 5 6 7 8 9 10 

From Ø 8.00 mm to Ø 3.80 mm + + + + + + + + + + 

From Ø 7.00 mm to Ø 3.80 mm + - - + - + - - - + 

4. CONCLUSION 

The effect of the initial diameter on the mechanical properties of an important parameter of the wire drawing 

process was investigated. In this study, it was observed that 1.00 mm change in the initial diameter, tensile 

strength increases by 1.48 %. Galvanizing coated on the wire with a initial diameter of Ø 8.00 mm is less 

compared to Ø 7.00 mm, although the draw-through rates and elongation ratios remain almost the same. 1.00 

mm change in the initial diameter, galvanizing thickness increases by 37.80 %. Because the difference 

between the Ø 8.00 mm wire and the Ø 7.00 mm wire reduction ratio and the number of steps also changes 

the state of the galvanizing coated. Torsion test results show that initial diameter affect number of twists and 

fracture characteristics because of reduction ratio change. It is seen that, number of twits in the torsion test 

are higher and also fracture of surface is beter where initial diameter was 8.00 mm comparing 7.00 mm.  
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Abstract 

Ledeburitic steels based on Cr- or Cr-V alloying belong to the most important cold-work tool materials for large 

series manufacturing. To enable high production stability, the tools must withstand various types of degradation 

processes. On the first side, it concerns the plastic deformation and wear. Therefore, the materials should 

have high hardness, tensile and/or compressive strength and wear resistance. Alternatively, the materials have 

to resist the brittle fracture, i.e. they must manifest sufficiently high toughness and fracture toughness. The 

review paper deals with the effect of heat treatment procedures on the microstructures of Cr- and Cr-V 

ledeburitic steels. Particular attention is paid to the effect of the austenitizing and quenching, tempering and 

sub-zero treatment on the main microstructural features of the steels, and their relation to the main mechanical 

properties. 

Keywords: Ledeburitic steels, heat-treatment, martensite, retained austenite, carbides  

1. INTRODUCTION 

High carbon high chromium (and vanadium) ledeburitic steels have gained a wide popularity in tooling, due to 

their high wear resistance and compressive strength. These steels are used in manufacturing of automotive 

parts, powder compaction, stamping, paper cutting etc. In these applications, the tools made of Cr-V ledeburitic 

steels have to be heat treated. Proper heat treatment results in high hardness and strength, excellent wear 

resistance, but the materials frequently suffer from insufficient toughness and fracture toughness. The heat 

treatment is then always a compromise between these properties, and should be tailored to particular 

applications. The current review conference paper deals with the procedure which is commonly applied for the 

heat treatment of Cr-V ledeburitic steels.  

2.  AS - DELIVERED STATE 

The bars, sheet metals and blocks made of Cr-V ledeburitic steels are distributed to the end-users in soft-

annealed state. This is because these materials generally manifest poor machinability, and it is necessary to 
improve this “general” property to at least an acceptable level, thorough lowering their hardness and 

modification of carbide shape. Typical microstructure of ledeburitic steel Vanadis 6 after soft annealing is 
depicted in Figure 1. The material consists of alloyed pearlite, secondary (SCs) and eutectic carbides (ECs). 

It is worth noticing that the carbides are very fine and uniformly distributed throughout the matrix in this case 

as the steel is manufactured by powder metallurgy of rapidly solidified particles.  

3.  AUSTENITIZING AND QUENCHING 

It is strongly required that the tools made of Cr-V ledeburitic steels must be heat treated before use. Proper 

heat treatment brings: high hardness of tools strength and wear resistance. Nevertheless, this procedure 

should be carried out carefully. Otherwise, undesirable changes in the steel microstructures (like grain 
coarsening and/or too high retained austenite amount) can occur. 
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Figure 1 SEM micrograph showing as-annealed microstructure of Cr-V ledeburitic steel Vanadis 6 

The first step in heat treatment is austenitizing. Because of poor thermal conductivity of the materials, the 
heating up to final temperature should be carried out gradually, in order to minimize thermal gradients between 

the surface and core and to prevent too large distortion of tools or their failure.    

 

Figure 2 Light micrographs showing the microstructure of the Vanadis 6 ledeburitic steel after quenching 

from different austenitizing temperatures [1] 

The transformation of pearlite into the austenite does not lead to sufficient saturation of the austenite since the 

alloying elements amount in pearlite is very low. This is why the Cr-V ledeburitic steels must be heated up to 

much higher temperature. During the heating from the A1 temperature up to the final austenitizing, part of 

secondary carbides undergoes the dissolution. In recent study it has been reported on complete dissolution of 

secondary M7C3-carbides up to an austenitizing temperature of 1100 °C [1].  
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The upper limit of recommended austenitizing temperature is determined mainly by two phenomena: beginning 

of the austenitic grains coarsening and rapid increase of retained austenite amount in as-quenched steels. 

Also, an overall economy of the process should be taken into the account - the higher austenitizing temperature 
the increased costs are for realizing of the heat treatment. Figure 2 shows light micrographs of as-quenched 

microstructures of Vanadis 6 steels. Measurement of austenitic grain size according to the ASTM-method 

revealed that after the quenching from lower temperature, it was 11.5 and it increased to 10 after quenching 

from a temperature of 1200 oC. Correspondingly, the retained austenite (γR) amounts were 10.1 ± 3, 12.1 ± 1, 

20.2 ± 1.6, 22.7 ± 4.7 and 28.2 ± 3 vol. % after quenching from the temperatures 1000, 1025, 1050, 1075 and 

1100 °C, respectively. Retained austenite is undesirable microstructural constituent in high strength steels. It 

is metastable at the room temperature, and can transform into brittle martensite when heavily loaded. 

Therefore, it is highly recommended to eliminate the γR before use of tools or components. 

4.  SUB-ZERO TREATMENT 

Sub-zero treatment (SZT) is a supplementary process, which is inserted into the heat treatment schedule of 
steels in-between the quenching and tempering. In this process, the steels are cooled down slowly to the 

lowest temperature of the heat treatment cycle, held there for predetermined time, and re-heated slowly to the 

room temperature. 

 

Figure 3 Typical X-ray diffraction profiles of conventionally quenched (CHT) and sub-zero treated  
Vanadis 6 steel  

One of the benefits of the SZT is substantial reduction of γR amount. Many researchers really evidenced this 

fact, and their findings differ one from each others only in the extent of the γR reduction, from either “almost 

complete removal” [2-7] or “elimination” [8-12] to „considerable reduction“ [13-15]. An example of X-ray 
diffraction profiles of conventionally quenched and SZT (-196 °C/17 h) Vanadis 6 steel is in Figure 3. Note 

that the retained austenite amount was 20 vol. % after conventional quenching but it was reduced to 2.1 vol. 

% after SZT.  

SZT -196 °C/17 h 

CHT 
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The second advantage of the SZT is that the martensite manifests clearly evident refinement compared to that 
developed by conventional quenching [13,15]. An example is depicted in Figure 4. Refinement of the 

martensite may have a beneficial effect on both the strength and toughness of the materials as suggested 

recently [16,17]. An explanation of the martensite refinement due to the SZT was first suggested in the paper 

[15] where the aggregate γR to α´ transformation was divided into two components: i) diffusion-less (athermal) 

component, which takes place during conventional room temperature quenching, and ii) time-dependent 

isothermal component, which is active during hold of the materials at a temperature of SZT. The second 

component is accompanied with extensive plastic deformation of newly formed “virgin” martensite, which 

results in capture of carbon atoms by moving dislocations, and their clustering [13,15,18,19]. These 

phenomena are associated with certain mass transfer, and might be responsible for controlling of the growth 

of martensitic domains, which would make them finer compared to those formed in athermal transformation. 

Also, it is logical that martensitic domains grow relatively freely during room temperature quenching as there 

is much space for their growth available within original austenitic grains but the growth of isothermally formed 

martensite is limited because of the retained austenite (after room temperature quenching) is encapsulated 

between athermally grown domains of martensite.  

 

Figure 4 TEM micrographs showing the matrix microstructure of a) conventionally quenched (CHT), b) sub-

zero treated Vanadis 6 steel 

Despite the fact that the opinions on the changes in precipitation kinetics of carbides manifest clear 
contradictions the latest experimental results indicate that the precipitation rate of transient carbides on Cr- 
and Cr-V ledeburitic steels is rather accelerated due to the application of SZT. For instance, transient nano-

sized particles have been found in SZT Vanadis 6 steel already prior tempering while no precipitates occurred 

in conventionally quenched steel [20]. Theoretically, the explanation is based on the fact that the strain of the 

martensitic transformation is accommodated in the martensite and not in the retained austenite. This 

accommodation is realized by extensive plastic deformation of relatively ductile “virgin” martensite [21,22], 

which generates an increased number of carbon clusters at crystal defects. These clusters can act as nuclei 

for further precipitation of carbides.  

While the precipitation rate of transient carbides can be considered as accelerated in low temperature 

tempering range, the precipitation of alloy carbides at temperatures commonly used for secondary hardening 

is suppressed [18,20,23]. This may be due to the fact that the formation of these carbides requires extra carbon 

atoms, but the martensite is depleted by carbon as a result of the formation of small globular carbides (SGCs). 

The presence of enhanced number and population density of SGCs (size usually 100 - 500 nm) in ledeburitic 
tool steels is the last microstructural change induced by the SZT, Figure 5. The explanation of the formation 

of SGCs is based on generally accepted fact that martensitic transformation is associated with 3 - 4% volume 

expansion. The volume change is associated with high compressive stresses in the retained austenite [24,25]. 

This is why the martensitic transformation is never completed despite the temperature of SZT lies well below 

a b 
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the characteristic Mf temperature of alloys. On the other hand, low processing temperature is a strong driving 

force for further progress of the transformation. This progress is, however, only possible when the compressive 

stresses in the γR would be relieved. At very low temperatures the only possible way how to relief the stresses 

is a deformation - induced formation of phase with lower specific volume. The obtained experimental data in 

the most recent investigations infer that [15,25]: 

• The percentage reduction of γR corresponds well to the estimated area fraction of sites with presence 

of SGCs 

• The increase of amount and population density of these carbides is time - dependent, and follows the 

decrease in the γR amount 

• The nature of the SGCs was determined as cementite, i.e. as phase with lower specific volume than 
that of both the martensite and the austenite 

• 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. 

 

 

Figure 5 SEM micrographs showing the microstructure of a) conventionally quenched (CHT), b) SZT 
Vanadis 6 steel, carbide count per mm2 of ECs, SCs and SGCs for differently heat treated specimens 

Based on the summary above the following concept describing the formation of SGCs can be adopted: the 

SGCs could be considered as a “by-product” of the isothermal component of martensitic transformation, which 

takes place at the temperature of SZT. The reaction can generally be described using the formula: 

( )carbideSGCsR +′→ αγ                                                                                      (1) 

c 
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Figure 6 ¨0 6 steel 

 

Figure 7 TEM micrographs showing the sub-structure of conventionally quenched Vanadis 6 steel after 

tempering at 530 oC. a, d - bright-field images, b, e - corresponding dark-field images, c, f - diffraction 

patterns of precipitates [20]. 

a b 
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5. TEMPERING 

Tempering should follow the quenching and/or sub-zero treatment as soon as possible. Otherwise, the 
retained austenite could have been stabilized. For a more complete transformation of γR to martensite, as well 

as for tempering of the alloying elements and carbon newly formed martensite, it is necessary to temper at 

least twice. During the tempering, diffuse out as from solid solutions forming precipitates responsible for 
secondary hardening effect, Figures 6, 7. Cooling down from the tempering temperature induces 

decomposition of γR, Figure 8 [20]. . 

 

Figure 8 Retained austenite amount as a function of tempering temperature for differently heat treated 

Vanadis 6 steel. Note that “b.d.l.” means that the amount is below the detection limit of X-ray diffraction [20]. 

 

Figure 9 Tempering charts of differently heat treated SZT Vanadis 6 steel 

Cr- and Cr-V ledeburitic steels manifest so-called “secondary hardening”, i.e. the hardness increases with 
increasing the tempering temperature within a certain temperature range. This is due to complementary effect 
of transformation of γR, precipitation of carbides and tempering of the martensite. Figure 9 shows tempering 

diagrams of the Vanadis 6 steel after conventional quenching, and after SZT. It is shown that there is secondary 

hardening effect in the case of conventionally quenched steel while this effect disappears completely for SZT 

material. Detailed description of this fact has been published recently [20], but it can be summarized briefly a 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

528 

follows: The contribution of retained austenite transformation is reduced because SZT steel contain 

considerably lowered γR amount. Also, the precipitation of special carbides is suppressed since the matrix is 

depleted by carbon as a result of the formation of SGCs during the sub-zero treatment 

6. CONCLUSION 

The conference paper describes the heat treatment schedule, which is applied in manufacturing route of cold 

work tool steels made of Cr- and Cr-V ledeburitic steels. It is reported that the microstructure changes from 

the carbide/pearlite, which is typical for as-annealed materials, to that consisting of the martensite, retained 

austenite and undissolved carbides after austenitizing and quenching. An attention is paid to the changes due 

to the sub-zero treatment, which comprise reduction of the retained austenite amount, formation of extra 

carbides, overall refinement of the microstructure, and alterations in precipitation behaviour. Finally, tempering 

of the materials is described, with particular attention to transformation of retained austenite and precipitation 

of carbides.  

ACKNOWLEDGEMENTS 

The authors acknowledge that the paper is a result of experiments realized within the project VEGA 
1/0264/17. In addition, this publication is the result of the project implementation “Centre for 

Development and Application of Advanced Diagnostic Methods in Processing of Metallic and Non-
Metallic Materials - APRODIMET”, ITMS: 26220120014, supported by the Research & Development 

Operational Programme funded by the ERDF. 

REFERENCES 

[1]  JURČI, P. Cr-V Ledeburitic Cold-Work Tool Steels. Materials and Technology, 2011, vol. 45, pp. 383 - 394.  

[2]  DAS, D. DUTTA, A.K., RAY, K.K. Sub-zero treatments of AISI D2 steel: Part II. Wear behaviour, Materials 
Science and Engineering, 2010, vol. A527, pp. 2194 - 2206. 

[3]  DAS, D. DUTTA, A.K., RAY, K.K. Influence of varied cryotreatment on the wear behaviour of AISI D2 steel. Wear, 

2009, vol. 266, pp. 297 - 309. 

[4]  DAS, D., SARKAR, R., DUTTA, A.K., RAY, K.K. Influence of sub-zero treatments on fracture toughness of AISI 
D2 steel. Materials Science and Engineering, 2010, vol. A528, pp. 589 - 603. 

[5]  DAS, D. DUTTA, A.K., RAY, K.K. Optimization of the duration of cryogenic processing to maximize wear 
resistance of AISI D2 steel. Cryogenics, 2009, vol. 49, pp. 176 - 184. 

[6]  DAS, D., DUTTA, A.K., TOPPO, V., RAY, K.K. Effect of deep cryogenic treatment on the carbide precipitation and 
tribological behavior of D2 steel. Materials and Manufacturing Processes. 2007, vol. 22, pp. 474 - 480. 

[7]  DAS, D., DUTTA, A.K., RAY, K.K. Sub-zero treatments of AISI D2 steel: Part I. Microstructure and hardness. 
Materials Science and Engineering, 2010, vol. A527, pp. 2182 - 2193. 

[8]  AMINI, K., AKHBARIZADEH, A., JAVADPOUR, S. Effect of Carbide Distribution on Corrosion Behavior of the 
Deep Cryogenically Treated 1.2080 Steel. Journal of Materials Engineering and Performance, 2016, vol. 25, pp. 

365 - 373. 

[9]  AKHBARIZADEH, A., JAVADPOUR, S., AMINI, K. Investigating the effect of electric current flow on the wear 
behaviour of 1.2080 tool steel during the deep cryogenic heat treatment. Materials and Design, 2013. vol. 45, pp. 

103 - 109. 

[10]  AKHBARIZADEH, A., JAVADPOUR, S., AMINI, K., YAGHTIN, A.H. Investigating the effect of ball milling during 
the deep cryogenic heat treatment of the 1.2080 tool steel. Vacuum, 2013, vol. 90, pp. 70 - 74. 

[11]  AMINI, K., AKHBARIZADEH, A., JAVADPOUR, S. Investigating the effect of holding duration on the 
microstructure of 1.2080 tool steel during the deep cryogenic treatment. Vacuum, 2012, vol. 86, pp. 1534 - 1540. 

[12]  DAS, D., RAY, K.K., DUTTA, A.K. Influence of temperature of sub-zero treatments on the wear behaviour of die 
steel. Wear. 2009. vol. 267, pp. 1361 - 1370.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

529 

[13]  TYSHCHENKO, A.I., THEISEN, W., OPPENKOWSKI, A., SIEBERT, S., RAZUMOV, O.N., SKOBLIK, A.P., 

SIROSH, V.A., PETROV, J.N., GAVRILJIK, V.G. Low-temperature martensitic transformation and deep cryogenic 
treatment of a tool steel. Materials Science and Engineering, 2010, vol. A527, pp. 7027 - 7039. 

[14]  SURBERG, C.H., STRATTON, P. LINGEHOELE, K. The effect of some heat treatment parameters on the 
dimensional stability of AISI D2. Cryogenics, 2002, vol. 48, pp. 42 - 47. 

[15]  JURČI, P., DOMÁNKOVÁ, M., ČAPLOVIČ, L., PTAČINOVÁ, J., SOBOTOVÁ, J., SALABOVÁ, P., PRIKNER, O., 
ŠUŠTARŠIČ, B., JENKO, D. Microstructure and hardness of sub-zero treated and no tempered P/M Vanadis 6 
ledeburitic tool steel. Vacuum, 2015, vol. 111, pp. 92 - 101.  

[16]  GHASEMI-NANESA, H., JAHAZI, M. Simultaneous enhancement of strength and ductility in cryogenically treated 
AISI D2 steel. Materials Science Engineering, 2014, vol. A598, pp. 413 - 419. 

[17]  PTAČINOVÁ, J., SEDLICKÁ, V., HUDÁKOVÁ, M., DLOUHÝ, I., JURČI, P. Microstructure Toughness 
relationships in sub-zero treated and tempered Vanadis 6 steel compared to conventional treatment. Materials 
Science and Engineering, 2017, vol. A702, pp. 241-258. 

[18]  GAVRILJUK, V.G., THEISEN, W., SIROSH, V.A., POLSHIN, E.V., KORTMANN, A., MOGILNY, G.S., PETROV, 
Yu. N., TARUSIN, Y.V. Low-temperature martensitic transformation in tool steels in relation to their deep 
cryogenic treatment. Acta Materialia, 2013, vol. 61, pp. 1705 - 1715. 

[19]  OPPENKOWSKI, A., WEBER, S., THEISEN, W. Evaluation of factors influencing deep cryogenic treatment that 
affect the properties of tool steels. Journal of Materials Processing Technology, 2010, vol. 210, pp. 1949 - 1955. 

[20]  JURČI, P., DOMÁNKOVÁ, M., HUDÁKOVÁ, M., PTAČINOVÁ, J., PAŠÁK, M., PALČEK, P. Characterization of 

microstructure and tempering response of conventionally quenched, short- and long-time sub-zero treated PM 
Vanadis 6 ledeburitic tool steel. Materials Characterization, 2017, vol. 134, pp. 398-415 

[21]  McEVILY, A.J., KU, R.C., JOHNSTON, T.L. The Source of Martensite Strength, Transactions of Metallurgical 
Society AIM, 1966, vol. 236, pp. 108 - 114. 

[22]  PIETIKAINEN, J. Effects of the aging of martensite on its deformation characteristics and on fracture in Fe - Ni - 
Si - C steel. Journal of Iron and Steel Institute, 1968, vol. 1, pp. 74 - 78. 

[23]  GAVRILJUK, V.G., SIROSH, V.A., PETROV, Yu. N., TYSHCHENKO, A.I., THEISEN, W., KORTMANN, A. 
Carbide precipitation during tempering of a tool steel subjected to deep cryogenic treatment. Metallurgical and 

Materials Transactions, 2014, vol. 45A, pp. 2453 - 2465. 

[24]  VILLA, M., PANTLEON, K., SOMERS, M.A.J. Evolution of compressive strains in retained austenite during sub-
zero Celsius martensite formation and tempering. Acta Materialia, 2014, vol. 65, pp. 383-392. 

[25]  DURICA, J., PTACINOVA, J., HUDAKOVA, M., KUSÝ, M., JURČI, P. Microstructure and Hardness of Cold Work 
Vanadis 6 Steel after Subzero Treatment at-140 degrees C. Advances in Materials Science and Engineering, 

2018, Article Number: 6537509.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

530 

HIGH - TEMPERATURE CREEP BEHAVIOUR OF CAST COBALT-BASE SUPERALLOYS  

Jiri DVORAK 1,2, Petr KRAL 1,2, Marie KVAPILOVA 1,2, Karel HRBACEK 1, Václav SKLENICKA 1,2  

1Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Brno, Czech Republic, EU 

dvorak@ipm.cz  

2CEITEC-IPM, Institute of Physics of Materials, Brno,Czech Republic, EU 

dvorak@ipm.cz 

Abstract  

Two cast and heat-treated NbC and TaC - strengthened cobalt superalloys have been developed for an 

investment casting of spinner discs for glass wool industry. In this work constant load creep tests in tension 

were carried out in argon atmosphere at three testing temperature 900, 950 and 1000 °C and at the initial 

applied stresses ranging from 40 to 200 MPa. All the tests were continued until the final fracture. The results 

of creep testing were combined with microstructural and fractographic examinations by means of light and 

scanning electron microscopy. A mutual comparison of creep characteristics of the investigated superalloys 

under comparable creep loading conditions showed that NbC-strengthened superalloy exhibited longer creep 

life than TaC-strengthened one. Further, it was found that carbide precipitation is the primary strengthening 

mechanism in both cobalt-base superalloys under investigation and the amount, morphology and type of 

carbides have the decisive effect on the creep properties including creep damage and fracture processes. By 

contrast, CoNb superalloy exhibited a more brittle character of creep fracture mode than CoTa superalloy due 

to a premature fracture. This study was initiated to investigate in more details operating creep deformation 

processes and the effect of the creep microstructure and damage evolution on both investigated superalloys. 

The different behaviour and properties of studied superalloys were explained based on the received results of 

this study.  

Keywords: Co-base superalloys, creep tests, microstructure evolution, carbide precipitation, damage  

         process 

1. INTRODUCTION 

Ni-base superalloys are highly valued for fabrication of high temperature components. These superalloys are 

mostly hardened by γ´ precipitates that are distributed uniformly in the γ matrix. This unique γ/ γ´ two-phase 

structure enables Ni-base superalloys to have excellent mechanical properties which include high-temperature 

strength and resistance to creep and fatigue [1-3]. Generally, Ni-base superalloys attain their outstanding 

properties from combination of solid solution, precipitation and grain boundary strengthening. In the course of 

our previous works a nickel-base superalloy of Ni-Cr-W-C system was developed, referred to as alloy 141I [4]. 

This alloy has very good mechanical properties and its service life exceeded worldwide commonly used alloys 

for cast of defibering heads. At present, however, chemical industry has required a new high-temperature 

materials working at operating temperatures exceeding the possibilities of Ni alloys. These requirements led 

us to the development of new type of superalloys. Cobalt exhibits a higher melting temperature than Ni and 

may be used as a principal element in new high temperature structural alloys and enables the possibility for 

Co superalloys to successfully compete with Ni-base alloy in terms of high temperature strength and creep 

resistance. Recently, two cast and heat-treated NbC and TaC - strengthened Co - base superalloys have been 

produced in company PBS Velka Bites a.s., Czech Republic, for an investment casting of spinner discs for 

glass wool industry. Solid solution strengthening of the matrix and carbide precipitation are the primary 

strengthening mechanisms in these cobalt-base superalloys and the amount, morphology and type of carbides 
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have the decisive effect on the mechanical properties. These high refractory complex carbides precipitate in 

the interdendritic regions of the matrix [5,6]. Previous studies suggested that the use of appropriate heat 

treatment can significantly influenced the mechanical properties of cobalt-base superalloys [3,7,8]. It is well 

known that primary carbides are unstable and tend to degenerate during high temperature heating [9]. Also, 

heating on creep temperature and creep exposure can lead to improvement or deterioration of mechanical 

properties due to dissolution of coarse primary carbides, precipitation of fine secondary carbides or carbide 

transformation. Different evolution of microstructure can lead to different development of creep damage and 

fracture. Therefore, it is essential to understand microstructural changes of the alloys during service at high 

temperature. The objective of present research is to compare creep properties of two cobalt-base superalloys. 

Simultaneously, investigations of the effect of the creep damage evolution and creep fracture mechanisms and 

modes in these alloys were performed. 

2. EXPERIMENTAL MATERIALS 

Cast Co-base superalloys resistant to high-temperature oxidation were processed in a foundry company PBS 

Velka Bites a.s., Czech Republic, using conical ingots with minimum diameter of 13 mm, maximum diameter 

of 18 mm and length of 90 mm. The chemical composition of the Co superalloys used in this work is given in 
Table 1. These alloys differ significantly in the presence of carbide-forming elements, the first contain Ta and 

the other Nb, so for further description we will mark them as CoTa alloy and CoNb one. Both Co-based 

superalloys were received in the state after casting with following solution annealing at 1150 °C / 90 min. 

Standard uniaxial tensile creep tests were carried out using cylindrical creep specimens with the gauge 

diameter of 3.5 mm and the gauge length of 50 mm. The creep tests were performed at applied stresses 

ranging from 40 to 200 MPa and at three testing temperature 900, 950 and 1000 °C. The creep elongations 

were continuously measured using a linear variable differential transducer, recorded digitally and computer 

processed. All creep specimens were run up to the final fracture. Following creep testing the microstructure 

and fracture features of ruptured creep specimens of Co alloys were examined using scanning electron 

microscopy. 

Table 1 The chemical composition of studied superalloys (in wt. %) 

 
Composition [wt. %] 

Co Ni C W Cr Fe Ta Nb Si Mn 

CoTa Bal 23 0.6 7 29.3 4.9 2.3 x 1.0 0.22 

CoNb Bal 10.8 0.65 8 30.5 0.28 x 2.48 0.39 0.23 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Creep testing 

Figures 1a displays the standard creep curves of Co superalloys for the tests conducted under constant tensile 

loads at temperatures of 900°C and 100 MPa. The results show, that at the same value of applied stress, the 

CoNb alloy exhibits better creep resistance than the CoTa alloy. Further, fracture elongation was dramatically 

increased for CoTa alloy and the value of minimum creep rate is over one order of magnitude higher than that 

of the CoNb alloy. It should be stressed that the standard creep curves do not often clearly indicate the 

individual stages of creep. However, these standard ε vs. t creep curves can be easily replotted in the form of 

the creep rate (z  vs. time t (Figure 1b) or creep rate (z  vs. strain ε (Figure 1c). It can be seen that shapes of 

the creep curves of particular alloys exhibit differences as well. The curve of the CoNb alloy exhibits a long 
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hardening in the primary part of creep curve followed by nearly stable strain rates over a long creep duration 

(Figure 1b). The accelerating tertiary part occurs at the very end of the creep test, leading to final fracture. 

CoTa alloy exhibits short primary stage which practically immediately pass into the tertiary one and this stage 

represents the dominant part of the creep exposure of this alloy. The creep elongation is characterized by an 

initial small instantaneous loading strain followed by a transient (primary) creep for both states as seen in 

Figure 1c. The gradual accumulation of creep strain in the following tertiary creep is observed at CoTa alloy, 

whereas rapid creep strain accumulation is observed in the tertiary creep of CoNb alloy just prior to final 

fracture. Figure 2 shows the same creep characteristics for temperature of 1000 °C and stress of 60 MPa. 

Similarly, CoNb alloy exhibits better creep resistance and lower creep final elongation in comparison to CoTa 

one. Simultaneously, creep curves show, that the time of hardening in primary stage is larger compared with 

softening part in tertiary stage for both alloys. Since the microstructure evolution is very similar in both 

superalloys, the decreased creep strength of CoTa superalloy is mainly results of reduced effect of the solid 

solution strengthening due to lower Co content in the CoTa ally matrix (Table 1).   
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Figure 1 Creep curves for the cobalt superalloys at temperature 900 °C and 100 MPa: (a) standard creep 
curves ε vs. t, (b) creep rate Éz vs. time t, and (c) creep strain ε vs. creep rate Éz  
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Figure 2 Creep curves for both Co-base superalloys at temperature 100 °C and 60 MPa: (a) standard 

creep curves ε vs. t, (b) creep rate (z  vs. time t, and (c) creep strain ε vs. creep rate (z  
In the present work, the minimum creep rate and the time to fracture data are re-analysed to find out whether 

the time to fracture tf is controlled by the same process(es) and/or mechanism(s) as creep deformation. The 

minimum creep rate (z m, is a function of temperature T, the applied stress σ and microstructure s, as 

Ézm  =  Ézm (T,σ,s).                                                                                                                                              (1) 
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The dependence of the minimum creep rate on the applied stress can be characterized by the apparent 

stress exponent of the minimum creep rate to applied stress, n, which is defined as 

n = [( ∂ ln Ézm / ∂ ln σ )]T                                                                                                                                                                                                       (2) 

Similarly, the stress exponent of the time to fracture, m, can be written as 

m = - [( ∂ ln tf / ∂ ln σ )]T.                                                                                                                                  (3)  

In Figure 3, the minimum creep rates Ézm are plotted against the applied stress σ on a bilogarithmic scale for 

various testing temperatures ranging from 900 to 1000 °C, Inspection of Figure 3 leads to an observation that 

the stress dependences of the minimum creep rates for both alloys at various stresses show a similar trend. 

The slopes and, therefore, the apparent stress exponents of the minimum creep rate was evaluated as n=8. 
Simultaneously, the stress exponent of the time to fracture illustrated by Figure 4 was obtained as m=7 for 

both alloys and temperatures. Similarity of these values indicates, that both the creep deformation and fracture 

are controlled by the same mechanism(s) which is(are) probably dislocation (power-law) creep in particle 

strengthened alloys, where the main rate controlling creep deformation mechanism should be dislocation glide; 

that is, the creep behaviour is dominated by the interaction between dislocations and obstacles such as 

precipitates. 
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Figure 3 Stress dependences of the minimum 

creep rate for different temperatures 

Figure 4 Stress dependences of the time to fracture 

for different temperatures 

3.2. Microstructure of Co-base superalloys 

3.2.1. Microstructure of as-received state 

Microstructure in as-received condition (after casting and solution annealing) for both alloys are given in 
Figure 5. For identification of particular phases, energy dispersion X-ray (EDX) analysis were carried out. The 

microstructure contains a Co-Ni-Cr-W matrix formed by solid solution and two types of primary complex 

carbides and/or eutectics, (W, Cr)-rich M23C6 and Chinese script MC with presence of Ta or Nb. Both M23C6 

and MC carbides are situated at grain boundaries and in interdendritic regions, forming a continuous network 

around the columnar grained matrix. It can be assumed that primary carbides generally dissolved in the matrix 

during solution annealing. But in our case, it cannot be excluded that not all carbides were fully dissolved due 
to short time of annealing (Figure 5b). Besides these M23C6 precipitates, secondary fine phase was detected, 

which preferentially precipitated in the closed proximity of primary M23C6. Further, EDX 

analysis revealed tungsten-rich M6C carbides (illustrated by bright white colour.)   
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Figure 5 SEM microstructure of a) CoNb and b) CoTa superalloys 

3.2.2. Microstructure after creep exposures 

Our creep testing at lower temperature (up to 1000 °C) do not lead to complete dissolution of primary carbides 
but the precipitation of fine secondary carbide M23C6 can happened. The secondary M23C6 precipitation is 

closely related to the decomposition from the matrix during creep exposition. Figure 6 shows the 

microstructure of both alloys after creep exposition at 1000 °C. During creep exposure, the fine carbide can 
be observed in Figure 6a. These precipitates are unevenly distributed. There is a dense distribution around 

the primary lamellar carbides and a rare distribution in the center of grains. However, it can be assumed that 

such (high) temperatures do not allow the precipitation of the secondary phase. In last, structural stability of 

CoNb alloy was examined by isothermal stress-free annealing at temperatures 900 -1100 °C for 100h [10]. It 

has been reported, that since to beginning of annealing, the precipitation of fine secondary M23C6 carbides 

close to eutectic carbide skeleton occurred. With continuing annealing time, the amount of secondary carbides 

increases followed with coarsening. However, temperature above 1000 °C led to finer carbide dissolution. 

Simultaneously, the volume fraction of primary carbides does not change dramatically compared with the as-

cast state at temperature up to 1100 °C.  

    

Figure 6 SEM microstructure of a) CoNb, and b) CoTa superalloy after creep at 1000 °C and 40MPa 

It is obvious, that different creep fracture ductility of both superalloys could be explained by different way of 

the formation and development of creep damage and fracture. The change in fracture mode is associated with 

a change in damage initiation mechanisms. The damage development closely connected with an interaction 

between matrix and primary carbides are mostly the main sites for the main crack propagation. In CoNb 

superalloy, the brittle fracture was caused by creep cavitation, decohesion at particle/matrix and cracking of 
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primary carbides and eutectics creating fracture path, while the ductile fracture in CoTa superalloy is relevant 

to damage by local loss of internal section of the specimen (necking) due to instability of plastic deformation.   

4. CONCLUSIONS 

Creep results showed that under the same test conditions CoNb superalloy exhibited lower minimum creep 

rate value, longer creep life but lower elongation than CoTa superalloy. The very similar values of the 

exponents n and m indicate that the creep deformation and fracture are controlled by the same mechanism. 

Together with solid solution strengthening of the matrix very important mechanism is precipitation 

strengthening by complex carbides. It was observed, that whereas in CoNb superalloy is the final brittle fracture 

caused by cavitation damage coalescence and creep crack growth, in the case of CoTa superalloy ductile 

creep fracture caused by loss of stability plastic deformation of matrix occurred. 
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Abstract 

The data presented here were obtained as part of the European FP7 MatISSE project to model the softening 

and relaxation behaviour of Grade 91 steel under creep-fatigue loading because this type of thermal loading 

is a major degradation mechanism in fast reactors. The supporting tests were focused on strain controlled low 
cycle fatigue tests with different strain amplitudes (εa = 0.45 %, 0.35 % and 0.25 %) and different tension hold 

times (1 and 12 hours) for temperature 600°C. The results were compared with results for 24 hour hold time 
from another testing laboratory (VTT). The results were evaluated with respect to the number of cycles, N, and 

also as a function of the cumulative plastic strain, p(N). 

Keywords: Creep-Fatigue, softening, relaxation, P91 

1. INTRODUCTION 

The research within the European FP7 MatISSE project (2014-2017) dealt with the basic understanding and 

prediction of cyclic softening in tempered martensitic steels such as P91, which is a frequent choice for high 

temperature/pressure piping and heat exchangers in steam-based power plants [1]. This material together with 

steel 316L and 316L(N) are also the main candidates for the construction of the planned Myrrha, Astrid, Alfred 

and Allegro research reactors. The experiments are immensely important for validation of the models 

especially for the effect of the hold time on cyclic softening and hence on damage behaviour, because thermal 

creep-fatigue is a major degradation mechanism in fast reactors. Cyclic softening is typically observed in all 

tempered martensite-ferritic steels [2], bainitic steels [3] and ultrafine-grained (UFG) materials [4]. The problem 

corresponds with strong creep acceleration after the minimum creep strain rate and can occur without any 

obvious intergranular damage or necking.  

An existing elasto-viscoplasticity model simulates the key mechanisms such as decrease of dislocation 

density, increase in sub-grain size and recovery phenomena. The model is modified to also incorporate the 

effect of hold time on the cyclic softening and the supporting experimental programme produces data for 

calibration and validations of the developed model. The major part of the results from MatISSE project 

concerning softening have already been presented in [5].  

2. EXPERIMENTAL PROGRAMME 

A series of tests related to cyclic softening problems in tempered martensitic steels were carried out at the 

Research Centre Rez (CVR) in Pilsen (CZE) in the Material Testing Laboratories. The supporting tests were 

focused on strain controlled low cycle fatigue tests with different tension hold times. Long hold times were 
targeted in particular. Figure 1 shows how the loading pattern is controlled by strain, a graph of stress response 

and a typical hysteresis loop where the tension hold time has an impact on the shape as a line. The 
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development of time-dependent inelastic strains (relaxed strain) during these tests was related to softening 

and the corresponding creep behaviour (strain rates) and creep-fatigue life was directly affected. 

 
Figure 1 Loading pattern controlled by strain (left), response by stress (middle) and typical hysteresis loop 

for tension hold time (right) 

The cutting plan of the P91 test material block (150 x 150 x 60 mm) is shown in Figure 2 together with the 

shape and dimensions of the creep-fatigue specimen. The arrow on the block indicates the rolling direction. 
The chemical composition is given in Table 1. Chemical composition was also analysed by glow discharge 

spectroscopy (see Table 2). Tensile properties were: yield strength at 20 °C ≥ 445 MPa, ultimate tensile 

strength at 20 °C = [580 - 760] MPa and elongation at 20 °C ≥ 20 %. Thermal state corresponded to  

1060 °C - 4Hrs + Water Quenching + 760 °C - 3Hrs20min - Air Cooling.  

 

Figure 2 Cutting plan of block P91 (left), the shape and dimensions of specimen (middle), and Kappa SS-CF 

testing machine (right) 

Table 1 Chemical composition of the test material 

Elements C Mn Si Ni Cr Mo Cu Al S P 

[wt. %] 0.12 0.41 0.24 0.10 8.32 1.02 0.05 0.006 0.001 0.009 

Elements V Nb N As Sb Ti B W Zr O 

[wt. %] 0.235 0.084 0.041 0.005 0.001 0.002 0.0009 0.001 0.001 15 ppm 

Table 2 Chemical composition analyzed by glow discharge spectroscopy 

 C Mn Si Ni Cr Mo Cu S P Nb Ti 

P91 
[wt. %] 0.097 0.347 0.202 < 0.1 7.6 0.885 0.062 <0.001 0.007 0.061 0.014 

SD 0.002 0.003 0.003 ----- 0.1 0.007 0.0005 ----- 0.001 0.001 0.0005 
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Tests were performed on a Kappa SS-CF electromechanical creep testing machine which offers a wide range 
of applications, including creep-fatigue tests through-zero (see Figure 2). Load capacity was up to 50 kN and 

speed range was from 1 µm/h to 100 mm/min. The machine was equipped with a 3-zone furnace up to 1200 °C 

and a non-contact high precision video extensometer with 50 mm field of view and corresponding resolution 

0.25 μm. It is necessary when using this type of non-contact video extensometer for high temperature to create 

two line marks by airbrush. The aluminium oxide powder had to be suspended in ethanol in a mixing ratio 1 : 

4 (Al2O3 : ethanol). The type of cycle according to asymmetry was symmetrically reversed i.e. strain ratio  
R = -1. The cycle shape had a triangular course and the temperature for all tests was 600 °C. The strain rate 

in cycling was 6 % per minute. The intended test matrix corresponds to 6 creep fatigue tests with a tensile hold 
time in every cycle. The first 3 tests with 1 hour hold time were performed for strain range ∆ε = 0.9 %, 0.7 % 

and 0.5 % (i.e. εa = 0.45 %, 0.35 % and 0.25 %) and each test was designed to be stopped after 1000 cycles 

or after failure location. Other tests with a 12 hour hold time for the same strain ranges were planned for 

stopping after 50 cycles. 

3. EVALUATION OF RESULTS 

The first experiment, for strain range ∆ε = 0.5 % (i.e. εa = 0.25 %) with 1 hour tensile hold time, was interrupted 

in the 73rd cycle due to bad tuning (P I values), and the testing system became unstable. The second 
experiment was for strain range ∆ε = 0.9 % (i.e. εa = 0.45 %) with 1 hour tensile hold time and it was interrupted 

in 387th cycle due to cracking of the mark line for the video-extensometer. The third experiment was for strain 
range ∆ε = 0.7 % (i.e. εa = 0.35 %) with 1 hour tensile hold time, and it was interrupted in 1670th cycle when we 

found cracking. If these tests are compared, it is evident that the curve for the lowest amplitude shows the 
lowest stress values for the compression process. The comparison is shown in Figure 3.  

 
Figure 3 Comparison of maxima and minima for tests with different strain amplitudes 0.25, 0.35 and 0.45 % 

with tensile hold time th = 1 hour in every cycle and for temperature 600 °C 

With a tensile hold time of 12 hours in every cycle, the goal was to achieve 50 cycles. This was achieved for 
all 3 tests. The first test for strain range ∆ε = 0.9 % (i.e. εa = 0.45 %) was interrupted in the 42nd cycle due to a 

power blackout and stopped in the 53rd cycle. The second test for strain range ∆ε = 0.7 % (i.e. εa = 0.35 %) 

was interrupted in the 24th cycle due to a software error and stopped in the 51st cycle. Last but not least, the 
test for strain range ∆ε = 0.5 % (i.e. εa = 0.25 %) was stopped in the 61st cycle. The comparison is shown in 

Figure 4. It was seen that the first maximum stress corresponds with the value of the strain amplitude. It is 

worth noting that the curve for strain deformation 0.25 % is markedly lower than the other two. The minima of 

the curves also have a similar trend. 
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Figure 4 Comparison of maxima and minima for tests with different strain amplitudes 0.25, 0.35 and 0.45 % 

with tensile hold time th = 12 hours in every cycle and for temperature 600 °C 

A large number of parameters are involved in the study of the cyclic behaviour of F/M steels, such as strain 

amplitude, strain rate, relaxation time and temperature [6-9]. They all affect softening. Both plasticity and 

thermal recovery mechanisms are involved in softening during cycling. In order to rationalize such results the 
evolution of stress should not only be plotted with respect to the number of cycles, N, but more importantly as 

a function of the cumulative plastic strain, p(N) [10]. The cumulative plastic strain allows better correlation of 

the measured softening to different parameters (strain amplitude, relaxation time, strain rate). The strain 
amplitude effect for instance appears smaller if the stress is plotted against the cumulative plastic strain, p(N), 

than when plotted with respect to the number of cycles, N. Similarly, the hold time effect is smaller if the stress 

evolution is considered with respect to p(N) rather than to N. Finally, Giroux showed that the strain rate effect 

is smaller when referring to p(N) compared to N [10]. 

 
Figure 5 Comparison of maxima and minima for tests with different hold times (1, 12 and 24 hours) for strain 

amplitude 0.25 % (left) and 0.35 % (right) as a function of cumulative plastic strain p(N) 

Using this information about cumulative plastic strain, the plots are represented in Figures 5 and 6 for different 

amplitudes with different hold times. These curves are compared with VTT results for a 24 hour hold time and 

illustrate the effect of hold time on softening. If only the CVR test results are considered, it seems that at strain 

amplitudes of 0.45 % and 0.35 %, the hold time effect stabilizes after 1 hour. As a hold time of 1 hour is required 

at very high strain amplitude, it is expected that at least 1 hour hold time is required at intermediate strain 

amplitude. Nevertheless, at the smallest amplitude, 0.25 %, the stresses obtained with hold times of 1 hour 

and 12 hours differ, showing that saturation with respect to hold time has not yet been reached. The cyclic 

peak stresses measured by VTT are generally higher than those measured at CVR and a clear explanation 
has not yet been found. Figure 6 shows the dependence of cyclic softening. The highest values are for the 24 
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hour hold time and the lowest for the 1 hour hold time. Generally it can be concluded that the lower the hold 

time, the lower the value of softening, but this trend was not confirmed for smaller amplitudes.  

 

Figure 6 Comparison of maxima and minima for tests with different hold times (1, 12 and 24 hours) for strain 

amplitude 0.45 % (left) and dependence of evaluated cyclic softening for amplitude 0.45 % (right) as a 
function of cumulative plastic strain p(N) 

Figures 5 and 6 show that for a given hold time, the lower the strain amplitude, the higher the magnitude of 

the stress. If we consider the difference in magnitude between the positive and negative peak stress after 20 

cycles including the 24 hour hold times, it can be deduced that the lower the strain amplitude, the higher the 

difference between the two magnitudes, the stronger the cycle asymmetry and the lower the compressive 

mean stress. For a hold time imposed at the tensile peak stress, a compressive mean stress is measured. 

This may increase the lifetime. Nevertheless, if the hold time is applied at the compressive peak stress, then 

a tensile mean stress is measured which may decrease the lifetime. For strain amplitude of 0.25 % and a hold 

time of 24 hours, the mean stress amounts to about -50 MPa after 20 cycles which is far from negligible. 

4. CONCLUSIONS 

Tests focused on cyclic softening were performed on Grade 91 steel as part of the European FP7 project 

MatISSE project. Thermal state corresponded to 1060°C - 4Hrs + Water Quenching + 760°C - 3Hrs20min - Air 

Cooling. Chemical composition was analysed by glow discharge spectroscopy which gave a composition Cr 
7.6 % by weight and Mo 0.885 % by weight. Tests were symmetrically reversed (R = -1), triangular course, 

temperature 600 °C and strain rate 6 % per minute. Tensile hold time was 1 hour in every cycle and then 12 
hours for strain amplitudes εa = 0.45 %, 0.35 % and 0.25 %. The results were evaluated with respect to the 

number of cycles, N, and also as a function of the cumulative plastic strain, p(N). Results were compared with 

VTT tests for a 24 hour hold time to illustrate the effect of hold time on softening. The highest values of softening 

are for the 24 hour hold time and the lowest for 1 hour hold time with 0.45 % amplitude. Generally it can be 

said that the lower the hold time, the lower the value of softening but this trend was not confirmed for smaller 

amplitudes. Longer hold times will induce an increased apparent strain range. It seems that at strain amplitudes 

of 0.45 % and 0.35 %, the effect of the hold time stabilizes after 1 hour when looking at the cumulative plastic 

strain. As a hold time of 1 hour is seemingly required for high strain amplitudes, it is expected that longer hold 

times are required at intermediate and low strain amplitudes. At the smallest amplitude, 0.25 %, the rate of 

softening with holding times of 1 hour and 12 hours still differ, indicating that saturation with respect to hold 

time has not yet been reached.  

For a given hold time, the lower the strain amplitude is, the higher the magnitude of the mean stress seems to 

be. For instance, if we consider the mean stress after 20 cycles for the tests with 24h hold time, it is found that 

lower strain amplitude leads to stronger cyclic asymmetry and an increase in the compressive mean stress. 

The compressive mean stress may have a positive impact on the cyclic life.  
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Abstract  

This work deals with properties and microstructure of heat resistant chromium steel P92. This steel is 

considered to be one of the best modified 9-12 % Cr steel for the construction of coal power plants with ultra-

super-critical steam parameters. High creep rupture strength of steel P92 is determined by its chemical 

composition and by microstructure as well. Optimal microstructure of steel P92 is ideally composed 

of homogeneous martensite and fine dispersion of secondary particles. 

During the experiments one P92 heat with an occurrence of more than 20 % delta ferrite was produced. 

The results of this heat are confronted with mechanical and creep properties of another heat without delta 

ferrite in the microstructure. Conclusions relate to the influence of delta ferrite on mechanical and creep 

properties of P92 steel. 

Keywords: Delta ferrite, mechanical properties, creep, steel P92  

1. INTRODUCTION 

High creep resistance of modified chromium steels is done by precipitation of vanadium nitrides. These very 

finely dispersed and stable particles effectively prevent the movement of dislocations and thereby slow down 

the creep. Vanadium nitrides precipitate not only during tempering but also during creep exposure, especially 

on dislocations within subgrains [1]. Higher creep resistance can be thus expected in steels with high density 

of dislocations. It follows that the desired microstructure for the steel structure is martensitic [2]. 

In addition to dispersion hardening, which is caused by vanadium nitrides and M23C6 particles, a solid solution 

strengthening is involved in high creep resistance of steel P92. This is due to substitution elements Mo and W 

dissolved in the solid solution. The maximum value of creep rupture strength according to the Japanese 

authors is reached with 1.8 % W and 0.5 % Mo [3]. 

The product of martensitic transformation in steel P92 is lath martensite, which is formed in a wide range of 

cooling rate. Inside the original austenitic grains creates several parallel martensitic laths that may be 

separated by films of residual austenite. Establishment of ferritic-carbidic components in the microstructure at 

very slow cooling rate is accompanied by a sharp drop in hardness of the material. The decrease in hardness 

of martensite at the medium cooling rates is associated with the occurrence of ε-carbide or cementite in 

martensite [4]. 

Cementite in the steel is not stable minor phase and during tempering it is rapidly dissolved [5]. Depending on 

the chemical composition of steel a small amount of δ-ferrite can be also presented in the microstructure [4]. 

Delta ferrite can be stable even after forging or after austenitization. The delta ferrite in steel P92 has very 

adverse effects, its presence reduces the hardenability and toughness of steel, significantly degrades creep 

properties. Stability of delta ferrite depends on the balance between austenite-forming elements Ni, Mn, Cu, 

C, N and ferrite-forming elements Cr, Si, Mo, W, V and Nb. Influence of chemical composition can be 

expressed e.g. by specific chromium equivalent �L}J¬ [6]. 

�L}J¬ � �L + 6�A + 4�� + 1,5) + 11* + 5N+ + 80A + 12�Ç � 40� � 30N � 4NA � 2� � 2�� � �, (1) 
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The work [6] shows that when the value of the Cr equivalent is less than 10, no delta-ferrite can be expected 

in microstructure. If the value of the Cr-equivalent is in the range between 10 and 12 smaller quantities  

of δ-ferrite may occur. Higher values of Cr-equivalent mean high content of δ -ferrite in the structure of steel 

P92 [6]. 

This work aims to confirm the harmful effect of delta ferrite on the mechanical and creep properties of P92 

steel. 

2. EXPERIMENTAL MATERIAL 

Two heats of steel P92 were analysed during this project. Chemical composition of investigated heats is shown 
in Table 1. 

Table 1 Comparison of the chemical composition of cast steel P92 

Heat 
C Mn Si Cr Mo V W Ni Nb Al N Crekv 

(wt%) (-) 

A 0.090 0.51 0.33 8.50 0.52 0.21 1.70 0.20 0.060 0.020 0.0345 10.322 

B 0.090 0.50 0.34 8.85 0.50 0.21 1.90 0.31 0.084 0.008 0.0595 9.752 

The heat A revealed a large amount of delta ferrite, approx. 21 %. The calculated value of Cr equivalent of the 

heat is 10.322. Such value admits the presence of small quantities of delta ferrite in the structure, but not 21 %. 

The reason of such high amount of delta ferrite cannot only be the chemical composition of the heat. 

Substantial inhomogeneity of chemical composition probably caused sharp increase in local content of ferrite-
forming elements, which resulted in the emergence of delta ferrite islets. Figure 1 shows the microstructure of 

the sample A annealed at 1050 °C for 2 hours and then cooled in oil. White islets are particles of delta ferrite.  

Heat B shows no delta ferrite in microstructure (�L}J¬ � 9.752). After complete heat treatment 

the microstructure is homogenous, consisting of tempered martensite, see Figure 2.  

 

Figure 1 Microstructure of sample of heat A, austenitization at 1050 °C / 120 min., cooling in oil. 
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Figure 2 Microstructure of sample of heat B, austenitization at 1060 °C / 180 min., cooling in water + 

tempering at 770 °C / 240 min. 

3. RESULTS AND DISCUSSION 

Samples from all heats were subjected to several regimes of heat treatment, i.e. normalizing and tempering. 

As a cooling medium was used water or oil. Subsequently, mechanical testing was carried out together with 
creep tests of heat A and heat B. The results of mechanical properties are presented in Table 2 and Table 3. 

Heat A reached higher strength and toughness properties after quenching in water (A-W). Heat B after water 

quenching showed relatively high strength characteristics, but the elongation value was low, even lower than 

the required minimum value of 19 % according to EN 10216-2 [7]. 

Table 2 Mechanical properties of heat A, Samples after heat treatment 1060 °C / 330 min. + 770 °C /  

   330 min., A-W cooling in water, A-O cooling in oil 

 

Rp0,2 

at 20 °C 

Rm 

at 20 °C 

A5 

at 20 °C 
longitudinal 

KV 

at 20 °C 
longitudinal 

KV 

at 20 °C 
transverse 

R p0,2 

at 600 °C 

 (MPa) (MPa) (%) (J) (J) (MPa) 

A-O 481 649 21 117 89 298 

A-W 499 668 23.4 153 92 295 

Table 3 Mechanical properties of heat B, Samples after heat treatment 1060 °C / 180 min. + 770 °C /  

   240 min., B-W cooling in water  

 

Rp0,2 

at 20 °C 

Rm 

at 20 °C 

A5 

at 20 °C 
longitudinal 

KV 

at 20 °C 
longitudinal 

KV 

at 20 °C 
transverse 

Rp0,2 

at 600 °C 

 (MPa) (MPa) (%) (J) (J) (MPa) 

B-W 554 726 18.4 137 63 358 
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Figure 3 and Figure 4 shows the current results of creep tests for heats A and B. Larson-Miller parametric 

equation was used for construction of these diagrams: 

9-� � 0�25 + Ç���½�� (2) 

Where 0 is the absolute temperature [K], ½ is the time to rupture [h] and . � � constant C = 25 represents 

value usually used in chromium modified steels [8, 9].  

The curves in diagrams 3 and 4 show a dramatic difference in creep properties of heat A and B. Results of 

heat B lie between standardized mean curve and the allowed -20 % range (dashed line). Values of heat A 

however lie below the allowed -20 % range. Such a result means that this heat has no potential to meet the 

requirement of creep resistance of grade P92. 

 

Figure 3 Dependence of stress on the Larson-Miller parameter for the heat A in comparison to 

the standardized mean values for steel P92 

 

Figure 4 Dependence of stress on the Larson-Miller parameter for the heat B in comparison to 

the standardized mean values for steel P92 
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4. CONCLUSION 

Delta ferrite contained in steel P92 adversely affects the properties of the steel. The danger lies in the fact, 

that influence of delta ferrite is largely absent when evaluating short-term strength properties [10]. 

The presented creep test results show, that the delta ferrite radically degrade creep resistance of steel P92.  

Drop of creep properties of P92 steel is probably caused by excessive amount of delta ferrite. Heat A shows 

higher values of creep elongation and reduction of area than heat B without delta-ferrite. It is supposed, 

that delta ferrite leads to higher creep plasticity, even if it significantly decreases times to rupture. Influence 

of delta ferrite on creep resistance of steel P92 and other modern advanced chromium steels should be subject 

to further research. 
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Abstract  

The paper deals with influence of four temperatures of high temperature austenitization and two dwells on 

temperature on microstructure and substructure of heat-resistant 9CrNB steel. The microstructure consists of 

lathe martensite and bainite. The presence of delta ferrite was demonstrated at specific austenitizing 

temperatures. Transmission electron microscopy showed that the substructure at all tested heat treatment was 

formed by martensite and bainite laths. They were identified as rod-shaped respectively needle-shaped 

particles based on extraction of laths into carbon replicas. Carbide particles M3C-type were found by using 

diffraction analysis. Rod-shaped particles were excluded at the boundaries of the delta-ferrite grains, and these 

particles are MC type carbide particles according to the electron diffraction analysis. The presence of delta 

ferrite grains at the austenite grain boundaries effectively prevents their migration during austenitization and 

thus limits the growth of the mean austenite grain size in the austenitization temperature range of  

1190 °C to 1230 °C. The presence of a larger amount of oval particles of the precipitate was identified at the 

austenitizing temperature of 1070 °C. It is very likely that they are NbC carbide particles according to the 

diffraction analysis. These particles should prevent a significant increase in austenite grain. This type of 

particles is observed only sporadically at a temperature of 1150 °C. The loss of the braking effect of NbC 

carbide particles on the migration of austenite grains caused the formation of significantly larger austenite 

grains at these austenitizing temperatures compared with the austenitizing state at 1070 °C.  

Keywords: Austenitizing temperature, low carbon 9Cr creep resistant steel, grain growth, heat treatment 

1. INTRODUCTION 

Various martensitic 9-12 Cr steels are utilized currently in fossil fuel powered energy plants for their good 

elevated temperature properties such as creep strength, steam side oxidation resistance, fire side corrosion 

resistance, and thermal fatigue resistance. Need for further improvements on the properties of 9-12 Cr steels 

for higher temperature use is driven by the environmental concerns. Use of ultrasupercritical (USC) steam 

conditions in the new power plants is expected to achieve the increased efficiency. Several martensitic steels 

with 9-12 wt.% Cr content are being developed for the USC conditions in Japan and Europe [1]. Many studies 

have focused on increasing their high-temperature creep strength, e.g by optimizing the chemical composition. 

In service, these components of steel are subject to high-temperature cyclic loading (fatigue and creep). Creep 

resistance of steel is a result of the influence of microstructure, strength and plastic properties. The final heat 

treatment of these steels consists of high temperature austenitizing at 1150 °C - 1200 °C and subsequent 

tempering at a temperature range from 770 to 800 °C [2-6]. The aim of this work was to analyze the influence 

of various austenitizing temperatures and holding times on the microstructure and substructure of 9CrNB creep 

resistant steel. 

2. MATERIAL AND EXPERIMENTAL METHODS 

As the experimental material were used samples from low-carbon 9CrNB creep resistant steel, that have been 

heat treated (austenitizing) at the temperatures of 1070 °C, 1150 °C, 1190 °C and 1230 °C with holding time 
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30 a 120 min. The chemical composition of 9CrNB steel 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. The state of precipitation of carbide and other phases in 

steel was analyzed by the JEOL JEM 2000FX Transmission Electron Microscope (TEM) by the method of 

carbon extraction replicas. They were after being separated in the Villela etchant removed from the 

metallographically prepared areas. The role of the analysis was to characterize the morphology of the 

transformed substructure, morphology, size and distribution of the precipitate particles.   

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 

Austenitizing temperature 1070 °C (holding time 30 and 120 min, air cooling) 

The microstructure in the conditions after austenitizing at temperature 1070 °C was formed by martensite and 

bainite. Microstructure was homogeneous from point of view of austenitic grain size. An average austenitic 

grain size was 38.1 μm at holding time 30 min and 43.1 μm at holding time 120 min. By evaluating the two 

conditions (30 min and 120 min) by TEM, by the methods of carbon replikas, it was found, that substructure 

was formed of martensite and bainite laths, which were created in relatively coarse original austenitic grains. 

Martensite and bainite laths are equally distributed and they have different orientation in different regions of 

the substructure. In the substructure, the original boundaries of austenitic grains were also observable on 

which the oval particles of precipitates were locally excluded.  

  

Figure 1 Detail of the particles in the bainitic  

lath, carbon replika, 1070 °C, 30 min. 

Figure 2 Detail of the particles in the bainitic  

lath, carbon replika, 1070 °C, 120 min. 

These particles were often arranged in the substructure in rows that had only a partial relationship with the 

original austenitic grain boundaries. They reached a size of 300 nm. A small amount of smaller (size up to 100 

nm) oval particles of precipitates was found inside the bainite and martensite laths and on their interfaces. The 
largest number achieved rod-shaped particles of precipitate located inside of bainite laths (Figure 1, 2). These 

particles, which are usually excluded in certain crystallographic planes of bainite laths, reached a length up to 

200 nm. Diffraction analysis of the oval particle leads to the conclusion, that in the case of particles of this type, 

it is the MC carbide particles, most likely NbC. The greatest multiplicity reached the rod-shaped particles of 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

549 

precipitate, found inside the bainite laths. By diffraction analysis of rod-shaped particles it was found, that they 

are M3C-type of carbides, in which M is most likely Fe. They are therefore cementite particles.  

Austenitizing temperature 1150 °C (holding time 30 and 120 min, air cooling) 

The microstructure in the conditions after austenitizing at temperature 1150 °C and holding time 30 and 120 

min was formed by martensite and bainite. As can be seen, in comparison with the temperature of 1070 °C, 

there was an increase in austenitic grains size. At the holding time 30 min there was microstructure relatively 

homogeneous. The average size reached 105.5 μm. At the higher holding time 120 min was rarely observed 

heterogeneity in grain size. The average size reached 138.6 μm. The substructure of this state has many 

morphological features similar to the substructure of state annealed at a lower temperature. In the substructure, 
the boundaries of the original austenite grains (Figure 3) are visible, on which sporadically and individually 

were found oval or rod-shaped particles of size up to 50 nm. Larger multiplicity reached rod-shaped resp. 

needle-like particles of precipitate, located within the bainite laths. These particles, reached a maximum length 

of 700 nm and they are generally excluded in certain crystallographic planes of bainite laths. Their number is 

much smaller in comparison to the condition of 1070 °C/30 min. Substructure of heat treatment conditions of 
1150 °C/120 min is very similar, such as at lower temperature (Figure 4). A small amount of oval particles of 

precipitates, reached a maximum size of 100 nm, rod-shaped particles reached a length of up to 300 nm.  

  

Figure 3 Substructure and distribution of the 

precipitates, 1150 °C, 30 min 

Figure 4 Substructure and distribution of the 

precipitates, 1150 °C, 120 min 

Austenitizing temperature 1190 °C (holding time 30 and 120 min, air cooling) 

The microstructure in the conditions after austenitizing at temperature of 1190 °C was formed by martensite, 

bainite and delta ferrite (3 %). Due to the presence of delta ferrite at the austenite grain boundaries, practically 

there was no increase in austenitic grain size compared to the grain size at the 1150 °C. At the holding time 

30 min was microstructure relatively homogeneous. The average grain size reached 112.7 μm. At the holding 

time 120 min was microstructure slightly heterogeneous, the average grain size reached 139.8 μm. 

Substructure of this state, form bundles of martensitic and bainitic laths of different orientations, which have 

been formed in relatively large austenite grains. On the boundaries of the former austenite grains, often at the 
places of the triple points of the grain boundaries, there were delta-ferrite grains (Figure 5). On the grain 

boundaries of delta ferrite, rod-shaped particles were present (Figure 6), which according to the selective 

diffraction analysis are MC-type carbides, where M is likely V. These are carbides VC, resp. V4C3. In the areas 

of the former grain boundaries, particles were observed only rarely. Smaller quantities of oval particles, up to 

100 nm, were found at the interface of bainite and martensite laths. Oval alternatively rectangular particles of 

maximum size up to 100 nm, excluded in small amounts, were also found inside the bainitic laths. Inside the 

bainitic baths predominantly rod-like (resp. needle like) particles whose length reached values up to 300 nm.  
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Figure 5 Delta-ferrite grain with particles  

at the boundaries, 1190 °C, 30 min. 

Figure 6 A detailed image of the particles present 

at the delta-ferrite boundaries, 1190 °C, 120 min. 

Austenitizing temperature 1230 °C (holding time 30 and 120 min, air cooling) 

The microstructure at austenitizing temperature of 1230 °C was formed by martensite, bainite and delta ferrite 

(5.5 %). At this temperature, the largest occurrence of delta ferrite was observed in the microstructure, which 

was excluded at the austenitic grains boundaries. As can be seen, the delta ferrite formations were the largest 
at this austenitic temperature (Figures 7, 8). Due to this excluded delta ferrite, decreased the size of the 

austenitic grains, the microstructure was finer than at temperature 1150 °C and 1190 °C. At the holding time 

30 min the microstructure was relatively homogeneous. The average grain size was 114.5 μm. Also at the 

holding time 120 min the microstructure was relatively homogeneous. The average grain size was 

99.2 μm. By analyzing the substructure of this state it has been found, that the structure is largely composed 

of martensitic and bainitic laths of different orientation, or bainitic formations in the shape of grains. These were 

formed in austenite grains with a relatively large average size. At the original boundaries of these grains, 

particles of precipitates were found rarely. In the areas of the former austenite grains, delta-ferrite grains were 
locally located. At martensite and bainitic laths, there was small amount of oval, resp. square particles of 

precipitates with a maximum size of up to 100 nm. There was also small amount of oval particles inside the 

bainitic laths, however, the rod-like (needles) particles, whose length reached values up to 300 nm. Rod-like 

resp. rectangular particles (sizes up to 250 nm) were also observed at the delta-ferrite grain boundaries. At 

the holding time 120 min in bainitic laths rod-shaped particles with a length of up to 400 nm predominated. In 

the substructure of the analyzed state, in all structural components also locally occur clusters of angular 

particles. By diffraction analysis of these particles, it was confirmed, that they were neither carbide nor nitride 

particles. At the delta-ferrite grain boundary, rod-shaped particles of size up to 400 nm were present. According 

to the diffraction analysis, these are MC carbide particles in which M is probably V. 

  

Figure 7 Microstructure at austenitizing 

temperature 1230 °C (martensite, bainite + delta 

ferrite), holding time 30 min. 

Figure 8 Microstructure at austenitizing 

temperature 1230 °C (martensite, bainite + delta 

ferrite), holding time 120 min. 
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4. DISCUSSION 

The main objective of this work, as already mentioned in the introduction, was to analyze the influence of four 

austenitizing temperatures and two holding times on the microstructure and substructure of 9CrNB creep 

resistant steel, characterize the morphology, size of precipitates, and particle distribution of the precipitates. 

From the comparison of microstructural and substructural analyzes, it can be concluded that, no significant 

differences were observed when comparing 30 and 120 min holding time at one temperature. Larger 

differences in microstructures and substructures were observed, when comparing different austenitizing 

temperatures. From the view of the kinetics of austenitic grain growth can be concluded, that increasing the 

austenitizing temperature leads to increase of austenite grains size. But this applies only until the austenitizing 

temperature of 1150 °C. At higher temperatures of 1190 °C and 1230 °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  

(3 - 5.5 %) the grain growth was reduced and this possibly caused refinement of austenite grain size.  

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. At the small content (over 5 %) may negatively affect the 

mechanical properties of steel [7]. 9 CrNB steel is the creep resistant steel alloyed mainly with Cr, W, Co and 

with optimal ratio of B / N [8, 9]. According to the authors of the work [10] the delta ferrite starts to equilibrate 

in the temperature of 1280 °C. However in microscale and 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. Transmission electron microscopy 

showed that, in addition to martensitic laths, bainitic laths were also observed in the substructure. These were 

generally greater width and predominantly rod-like particles in them were observed. By diffraction analysis it 

has been shown, that it is a cementite Fe3C. The rod-shaped particles were also observed at the delta ferrite 

grains. Probably these were VC particles. At the lowest austenitizing temperature of 1070 °C were observed 

in the substructure in a larger amount of oval particles. These particles were identified as NbC. At the 

temperatures (1150 °C and 1190 °C) particles of this type were observed only sporadically. These particles 

prevent significant growth of austenite grains. Loss of the braking effect of NbC carbide particles on the 

migration of austenite grains boundaries caused, that at these austenitizing temperatures, the formation of 

significantly larger austenite grains than, as in a state at the austenitization temperature of 1070 °C. Occurred 

to increase their size, especially in the states at 1150 °C and 1190 °C. 

5. CONCLUSION 

From the analysis of the influence of the various austenitic temperatures and the holding times on the 

microstructure and the substructure of 9CrNB steel the following conclusions:  

1) The microstructure in the conditions after austenitizing was formed by lath martensite and bainite. At 
higher austenitizing temperatures (1190°C, 1230°C), the delta ferrite was also observed in the 
microstructure. The amount of delta ferrite with increasing the temperature grew (3 - 5.5 %).  

2) From the comparison of microstructural and substructural analyzes, it can be concluded that, no 

significant differences were observed when comparing 30 and 120 min holding time at one temperature. 

Larger differences in microstructures and substructures were observed, when comparing different 

austenitizing temperatures.  

3) Transmission electron microscopy (extraction replicas) showed that, in addition to martensitic laths, 

bainitic laths were also observed in the substructure. Delta ferrite was observed from temperature of 

1190 °C. Cementite particles were observed in bainitic laths. At the grain boundaries of delta-ferrite rod-

shaped particles were excluded, probably VC or  V4C3.  
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4) At the austenitizing temperature of 1070 °C were observed in the substructure in a larger amount of oval 

particles. These are NbC carbide particles. These particles prevent significant growth of austenite 

grains. Their rare occurrence at higher temperature of 1150 °C caused an increase of grain size. The 

presence of delta ferrite grains at the austenite grain boundaries limits growth of the average size of the 

austenite grains at higher temperatures (1190 °C, 1230 °C). 

ACKNOWLEDGEMENTS   

This work was supported by the project APVV-15-0723 (CREEPWELD) - Welding technology 
development for unique creep resistant steels currenly developed in Železiarne Podbrezová, a.s. 

REFERENCES 

[1] VISWANATHAN R., HENRY J. F., TANZOSH J., STANKO G., SHINGLEDECKER J., VITALIS B.: Proceedings 

from the Fourth International Conference on Advances in Materials Technology for Fossil Power Plants, October 
25-28, 2004, Hilton Head Island, South Carolina, ASM International, Materials Park, Ohio (2005), ISBN: 0-87170-

818-3, SAN: 204-7586, pp.3-19.  

[2] TSUCHIDA Y., OKAMOTO K., TOKUNAGA Y., Improvement of Creep Rupture Strength of 9Cr-1Mo-V-Nb-N Steel 
by Thermo-Mechanical Control Process, ISIJ International, Vol. 35 (1995), pp.309-3169.      

[3] IGARASHI M., MUNEKI S., HASEGAWA H., YAMADA K., ABE F.: Creep Deformation and the Corresponding 
Microstructural Evolution in High-Cr Ferritic Steels, ISIJ International, Vol. 41, (2001), Supplement, pp.101-105. 

[4] GUSTAFSON Å., ÅGREN J.: Possible Effect of Co on Coarsening of M23C6 Carbide and Orowan Stress in a 9% Cr 
Steel, ISIJ International, Vol. 41, (2001), pp.356-360.  

[5] KNEZEVIC V., SAUTHOFF G., VILK J., INDEN G., SCHNEIDER A., AGAMENNONE R., BLUM W., WANG Y., 

SCHOLZ A., BERGER C., EHLERS J., SINGHEISER L.: Martensitic/Ferritic Super Heat-resistant 650°C Steels-
Design and Testing of Model Alloys, ISIJ International, Vol. 42 (2002),  pp.1505-1514.  

[6] ZIELIŃSKA-LIPIEC A., KOZIEŁ T., CZYRSKA-FILEMONOWICZ A.: Quantitative characterisation of the 
microstructure high chromium steel with boron for advanced steam power plants, Journal of Achievements in 

Materials and Manufacturing Engineering, Vol. 43, ISSUE 1, 2010, pp.200-204.  
[7] PARILÁK Ľ., BEKEČ P., BERAXA, P.: Influence of Austenitizing Temperature on Microstructure and Kinetics 

Growth of Austenite Grain in 9 CrNB Steel, In: Metal 2017, 26th International Conference on Metallurgy and 
Materials, May 24th - 26th 2017, Brno, TANGER Ltd,  ISBN 978-80-87294-79-6, pp.968-972. 

[8] BAEK J. W., NAM S. W., KONG B. O., RYU S. H.: The Effect of Delta-Ferrite in P92 Steel On The Formation of 
Laves Phase and Cavities for The Reduction of Low Cycle Fatigue and Creep Fatigue Life, Key Engineering 

Materials, 2005, pp.463-470.  

[9] ABE F., TABUCHI M., SEMBA H., IGARASHI M., YOSHIZAWA, M., KOMAI N., FUJITA, A.: Feasibility of MARBN 

Steel for Application to Thick Section Boiler Components in USC Power Plant at 650 °C, Advances in Materials 
Technology for Fossil Power Plants Proceedings from the 5th International Conference R. Viswanathan, D. Gandy, 

K. Coleman, editors, pp.92-106.   

[10] SOMMITSCH CH., VANSTONE R., KERN T. U., BARNARD P., MAYR P., THOMSON R., AGÜERO A.: Co-

Ordination of Europe Research in Structural Materials for Power Generation Equipment, 10th Liege Conference: 
Materials for Advanced Power Engineering 2014, edited by J. Lecomte-Beckers, O. Dedry, J. Oakey and B. Kuhn. 

  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

553 

INFLUENCE OF HIGH TEMPERATURE OVERHEATING TO MICROSTRUCTURE OF 
DEGRADED STEEL SUPER 304H 

Jakub HORVÁTH 1,2, Michal JUNEK 1,2, Marie ROHLOVÁ 1, Jiří JANOVEC 1 

1CTU - Czech Technical University in Prague, Department of Materials Engineering, Prague,  

Czech Republic, EU 

Jakub.Horvath@fs.cvut.cz, Michal.Junek@fs.cvut.cz, Marie.Rohlova@fs.cvut.cz, Jiri.Janovec@fs.cvut.cz  

2UJP PRAHA a.s., Research and development, Prague, Czech Republic, EU,  

horvathj@ujp.cz, junek@ujp.cz  

Abstract 

This paper documents the microstructure changes of steel SUPER 304H caused by high temperature 

overheating (1140 °C, 15 hours). The experimental material was firstly isothermally laboratory exposed about 

30,000 hours at temperature 650 °C and then subject to high temperature overheating. Main focus was given 

to microstructural changes and precipitation processes. Paper summarized influence of those changes to 

practical applicability of steel SUPER 304H for ultra-super critical (USC) coal power plants. Base material, 

laboratory expose state and overheated state were compared. Combination of color etching and optical 

microscopy method, electron scanning microscopy and energy dispersive spectroscopy analysis was used for 

comparison. 

Keywords: SUPER 304H, high temperature overheating, USC, sigma phase precipitation, microstructure  

       changes 

1. INTRODUCTION 

The increment of coal power plants working parameters (steam temperature and pressure) is continuously 

process strongly influent by available construction materials. Systematic parameters increment is in connection 

with application of the new material modification or the new materials. Working conditions are at the edge of 

possible steel usage for the last generation of the USC or A-USC power plants. 

General requirements for austenitic steel in the superheater application are sufficient creep resistance and 

mechanical properties, corrosion resistance and exfoliation resistance. Steels SUPER 304H is categorized like 

suitable for this type of application [1,2]. Producer of this steels are Nippon Steel & Sumitomo Metal 

Corporation and Manessman. 

SUPER 304H is type 18/9 (18 wt. % chromium and 9 w. % nickel) complexly alloyed creep resistant austenitic 

steels. The alloying elements are added for improving steels creep resistance. Steel SUPER 304H is alloyed 

by (in wt. %) 0.4 Nb, 0.1 N and 3.0 Cu, carbon content is optimised at value of 0.1 wt. % [3]. It is possible to 

categorise this steel like complex alloyed. The relatively high content of an alloying elements leads to 

thermodynamically instability of steel. The instability means phase precipitations during thermal exposition. 

Conditions for precipitation of the brittle sigma phases in austenitic steels are listed in literature [4] according 

its chemical composition. Steels SUPER 304H meet those conditions. Precipitation of the sigma phase is high 

possible. Sigma phase precipitation deteriorates steel mechanical properties. Results presented in literature 

[5,6] confirmed precipitation of the sigma phase for steel SUPER 304H under the heat exposition. 

Changes of precipitated sigma phase caused by high temperature overheating are summarised by this paper. 
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2. METHODOLOGY PART 

2.1. Experimental material 

Specification of steel is listed in [7]. Material was supplied by the Sumitomo metals. Steel SUPER 304H was 
supplied in form of the seamless tubes with outer diameter 38 mm, wall thickness 6.3 mm and tube length of 
5700 mm [7]. Heat treatment made by producer (Sumitomo) was solution annealing under conditions  
1150 °C / 2 min. / cold by water quenched [7]. 

The heat number of supplied steel is F124139. Its chemical composition summarized Table 1. Supplied steel 
is in accordance with the standard ASME Case 2328-1 prescribed values. 

Table 1 Chemical composition of supplied steel SUPER 304H [7] 

(wt. %) C Si Mn P S Cu Cr Ni Nb B N Al 

Min. (ASME Case 2328-1) 0.07 - - - - 2.50 17.0 7.5 0.30 0.001 0.05 0.003 

Max. (ASME Case 2328-1) 0.13 0.30 1.00 0.04 0.01 3.50 19.0 10.5 0.60 0.010 0.12 0.030 

Heat No. F124139 0.08 0.25 0.81 0.003 0 3.07 18.3 9.0 0.49 0.004 0.11 0.005 

Experimental material was isothermal laboratory exposed at temperature 650 °C by approximately 3 x 104 

hours. Long-term laboratory isothermal exposition caused the sigma phase precipitation in SUPER 304H 

microstructure. After long-term isothermal exposition was performed high temperature overheating 1140 °C 

for 15 hours. 

2.2. Experimental methods 

Two types of etchants were used for selective and uniform etching: 

• Selective etching for the sigma phase revealed - Electrolytic etching with 10 % KOH in distilled water (2 

V dc, 4 s) 

• Uniform etching - Glyceregia [8] - HCl, glycerol, HNO3 (ration 3:2:1). Applied by swabbing 

Documentation of the sigma phase was made by the optical microscope Nikon eclipse MA200 in magnification 
1000 x. Image analysis was made in the software NIS-Elements Ar by automatic binary image detection with 
followed operator refinement. 

SEM microscope used for microstructure observation and EDS analysis was Jeol JSM-7600F. Used 
acceleration voltage was in range 15 - 20 KV. Images were taken by SEI detector (secondary electrons). 

Observation was focused to the particles at the grain boundaries. Phase analysis at the grain boundaries and 

inside grains was performed via EDS analysis. SEM was used for observation of the fraction surfaces to 

provide information about morphology of a fracture and particles identification. 

SEM - EDS analysis was performed via the detector Oxford X-Max 50 mm2 with operation software Inca. 
Chemical analysis provides information not just about constitution of the precipitates but also about 
surrounding area or chemical elements depleted zones. Last application of EDS analysis used in this paper 
was mapping of chemical composition. 

The impact strength measurement was done by specifications in norm [9]. The reduced impact samples with 

2 mm V notch and 5 mm width was used. Energy of the used Charpy pendulum hammer was 300 J. 

3. EXPERIMENTAL PART 

Table 2 summarise the sigma phase chemical composition and lattice parameters. Type 316-alloy is the most 

chemically similar alloy to SUPER 304H. According Table 2 will have the sigma phase precipitate in SUPER 

304H chemical constitution more than 30 wt. % of chromium and about 55 wt. % of iron. 
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Table 2 Chemical composition and lattice parameters of the sigma phase in various alloys [4] 

Alloy Lattice parameters (Å) 
Composition of phase (wt. %) 

Formula 
Fe Cr Ni Mo Si 

Fe-Cr a0 = 8.799, co = 4.544      Fe-Cr 

Fe-Mo a0 = 9.188, co = 4.812      Fe-Mo 

17Cr-11Ni-2Mo-0.4Ti ----  30 4.3 9 0.8  

17Cr-11Ni-0.9Mo-0.5Ti ----  33 4.5 5.4 0.7  

Type 316 a0 = 8.28~8.38, co = 4.597~4.599 
55 29 5 11  (FeNi)x(CrMo)y 

Type 316L a0 = 9.21, co = 4.78 

20Cr-25-34Ni-6.5-8Mo a0 = 8.87, co = 4.61 35 / 37 17 /2 6 15 /2 1 21 / 28   

25Cr-20Ni ---- 40 46 9.4  3  

Sigma phase assist embrittlement of exposed steel SUPER 304H. The impact strength measurements at 

reduced width (5 mm) specimens with V notch were carried out. Experimental material was isothermally aged 
at 675 °C for 20,000 hours for sigma phase precipitation. Results are summarized in Table 3. [10]. Base 

material fracture surface (Figure 1) was ductile with no marks of brittle fracture. Fracture surface after 

exposition (Figure 2) was mostly brittle. This change is caused by the sigma phase precipitation. Sigma phase 

was identified by measuring of fracture surface particles chemical composition (Figure 2). 

Table 3 Results of impact testing of SUPER 304 [10] 

State KV 300 / 5 (J) The sigma phase area fraction (%) 

Base material 44.7 ± 1.0 0.0 

Exposed material 11.4 ± 0.4 2.6 

  

Figure 1 Ductile fracture surface of as-received 

SUPER 304H steel 

Figure 2 Fracture surface of exposed SUPER 304H 

steel with sigma phase [10] 

Follow image (Figure 3) show direct comparison between electron microscope image, measured chromium 

map and optical microscope image. Red circles added to Figure 3 connect one of the sigma phase displayed 
by different methods. Results documented by Figure 3 gave possible to use optical microscopy for the sigma 

phase quantification. 
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Chemical composition of the sigma phase and SUPER 304H steel matrix summarise Table 4. In Table 4 is 

highlighted chromium and iron content. Ration of chromium and iron for Spectrum 1 confirm sigma phase 

precipitation. 

 

Figure 3 Comparative image for sigma phase verification for optical microscopy 

Table 4 Chemical measurement results for Figure 3 

Spectrum Si P Ca Cr Fe Ni Cu Nb Mo W 

Spectrum 1 (wt.%) 0.97 0.46 0.35 36.29 56.27 3.33   1.98 0.35 

Spectrum 2 (wt. %) 0.37   18.84 66.95 8.80 4.54 0.15 0.35  

Microstructure comparison between aged and high temperature overheated state give Figure 4 and  

Figure 5. Microstructure of isothermally exposed sample (Figure 4) is in agreement with fracture surfaces 

documented by Figure 2. At the triple grain points precipitated sigma phase which deterioration mechanical 

properties. The main difference between compared states is dissolution of the sigma phase at triple grain 

points. Triple grain points are without documentable sigma phase for exposed (laboratory exposed at 
temperature 650 °C by approximately 3 x 104 hours) and high temperature overheated state (Figure 5). The 

mechanical properties should be improved by the sigma phase dissolving. 

  

Figure 4 Isothermally exposed 650 °C / 2.45 x 104 

sample before high temperature overheating 

Figure 5 High temperature overheated sample 

Resolution of the optical microscopy is lower in comparison with SEM. The sigma phase dissolution was 
confirmed used EDS chemical composition mapping. Figure 6 shows from left to right electron image, mix 

chemical map and chromium content map. Particles highlighted at the chemical mix map by blue colour are 

niobium carbonitrides. Chromium content map confirm the sigma phase dissolving. 
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Figure 6 Chemical maps of high temperature overheated state 

High temperature overheating started massive grain coarsening at the outer tube surface (Figure 7). 

Secondary grains colony are in some tube parts across whole tube wall thickness. 

 

Figure 7 Tube wall cross-section macro image 

4. DISCUSION AND CONCLUSION 

Sigma phase verification was based on chemical composition measurement. Table 2 summarizes sigma phase 

nominal chemical composition for various alloys. According Table 2 will have the sigma phase precipitate in 

SUPER 304H chemical constitution more than 30 wt. % of chromium and about 55 wt. % of iron. 

Absorb energy measurement shown significant decrease between base material and exposed state. Drop in 

absorb energy was by 75 %. Sigma phase was documented in exposed state samples. SEM analysis 

confirmed sigma phase precipitation at fracture surface. Drop of absorb energy was caused by brittle sigma 

phase precipitated in exposed material. 

SUPER 304H brittleness will be serious application problem for USC power plants. Brittleness can cause 

unstable fractures during operation caused by superheater vibrations or cracking during repair welding. 

The sigma phase embrittlement effect may be removing by dissolving annealing of exposed state. Sigma 

phase dissolve over 815 °C. Temperature 815 °C is valid for binary system Cr - Fe. Sigma phase precipitates 

in steel SUPER 304H contain substitutional elements. Substitutional elements shift the dissolving temperature 

to a higher value. Parameters of applied dissolving annealing were 1140 °C for 15 hours. 

Annealing led to dissolution of the sigma phase. Dissolution was confirmed through optical microscopy and 

SEM. The sigma phase dissolution will solve the problem of SUPER 304H embrittlement. 
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Parameters of dissolving annealing (high temperature overheating) were at higher part of possible range. High 

temperature overheating can cause more than even sigma phase dissolving. Massive grains coarsening were 

documented for overheated state. Grains coarsening will lead to decreasing of creep resistance and problems 

with exfoliation. Grain coarsening is negative for USC application. 

The sigma phase can be dissolve by application of high temperature dissolving annealing. Negative influence 

of annealing is grains coarsening. Application of shorter dissolving time can prevent grains coarsening. Future 

experiments will optimize annealing parameters for preventing grains coarsening. 
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Abstract 

Crack initiation of the ferritic martensitic steel T91 and austenitic steel 316L is currently under study. This is 

due to the evaluation ongoing in the EC for materials compatibility in Heavy Liquid Metals (HLM) environment, 

and, in particular, the issue of Liquid Metal Embrittlement.  

Slow Strain Rate Tensile (SSRT) tests were performed with flat specimens in PbBi at 300°C with oxygen 

content in the range of about 10-6 wt.% down to 10-12 wt.% and, for comparison in air, up to the point of maximal 

stress (without or with minimum necking). 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 cross-section area.  

The cracking mode of T91 changed due to environment influence when compared to the testing in air, however 

the austenitic 316L seemed unaffected, even though at the lowest oxygen content, the crack numbers and 

morphology changed. Post-tests examinations were carried out with a Scanning Electron Microscope.  

Keywords: Ferritic-martensitic steel, austenitic steel, lead-bismuth eutectic, tapered, crack initiation 

1. INTRODUCTION 

Lead bismuth eutectic (LBE) is a potential heat transfer liquid for future Gen-IV reactors. The Multi-purpose 

hYbrid Research Reactor for High-tech Applications (MYRRHA), currently under development in Belgium uses 

LBE as cooling liquid as well as spallation target [1]. One critical factor in the development is therefore the 

compatibility of structural materials with the cooling liquid. Particularly Liquid metal embrittlement (LME) is an 

important topic in the recent years [2] and it might lead to failure of components typically associated with a 

change from ductile to cleavage-like fracture mode [3]. 

Austenitic steel of 316 type belongs to one of the main austenitic alloy classes that has a good combination of 

strength, ductility, and toughness at low and high temperature, along with good formability, weld ability, and 

corrosion properties. The 316 steels also have reasonably good creep resistance at high temperatures. The 

ferrite content of these steels is an important point since ferrite aging at high temperatures can lead to some 

brittle phase precipitation and to a toughness decrease. Made of type 316 austenitic stainless steels are 

pressure boundary pipes and the primary circuit of pressurized water reactors. It is used as a manufacturing 

material for nuclear fuel clad tubes and fuel sub assembly wrappers in fast breeder reactors owing to its 

superior mechanical properties at elevated temperatures and good compatibility with liquid sodium [4]. The 

expertise on compatibility of stainless steels with sodium is not transferable to lead and lead alloys, due to the 

significant differences in their physics and metallurgic properties. Therefore, particular studying of materials in 

heavy liquid metals is necessary. 

The Ferritic-martensitic steel T91 has, together with good corrosion resistance, excellent radiation and swelling 

resistance in fast neutron flux and high temperature mechanical properties. Over the last decades extensive 

work has been conducted to investigate the LME characteristics of T91 under a wide variety of conditions. 

The main task of this paper is to provide an insight into crack initiation and to examine the material susceptibility 

to liquid metal embrittlement (LME) for steels T91 and 316L. 
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2. EXPERIMENTAL 

2.1. Material 

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 steel was austenitized at 1050 °C with 

a holding time of 1 min/mm followed by water quenching. This was followed by an annealing treatment at 770 

°C with a holding time of 3 min/mm followed by air cooling. The typical microstructure formed by this heat 

treatment consists of laths of martensite and original austenitic grains. The material properties at 300 °C 

according to EN ISO 6892 are: Ultimate tensile strength (UTS) 602 MPa, Yield strength (YS) 499 MPa. 

Austenitic steel 316L (ASTM A240-Ed02) was produced by Industeel, Alcelor Mittal group. The austenitic 

stainless steel was received as hot rolled and heat treated plates with a thickness of 15 mm. The solution 

annealing was done at 1050-1100 °C with a goal to reach a homogeneous microstructure as well as a 

homogeneous distribution of mechanical and corrosion properties compared to the hot rolled 316L. The typical 

microstructure is fully austenitic. The material properties at 300 °C according to EN ISO 6892 are: UTS 443 

MPa, YS 181 MPa. 

2.2. Specimens and procedure 

Electrical discharge machining (EDM) was used to fabricate the specimen (Figure 1). One of the two parallel 

surfaces was ground to 500-grid finish and the other was polished to 1µm finish. The two nonparallel surfaces 

(the thin side) stayed as received after EDM.  

          

Figure 1 - Tapered specimen  

The specimens were fitted into the testing cell for HLM environment. Whole cell+specimen alignment is placed 

in the Kappa 50DS, electromechanical creep testing machine from Zwick/Roell group. The testing space is 

protected by the overpressure of the inert atmosphere. The testing vessel is equipped with a gas regulation 

system and Bi/Bi2O3 oxygen sensors, which form together a system for the oxygen regulation inside the liquid 

metal. The system regulates the oxygen amount during the whole test procedure in the required limits.  
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The specimens were tested in tensile mode with constant extension rate 0.0012 mm/min, which is 

approximately equal to strain rate 10-6 s-1. Both materials were tested at the same temperature (300 °C). Each 

material was tested in two environments (air and LBE with regulated oxygen amount) for comparison of the 

environmental influence. Tests were ended at two different conditions (at maximal applied load or after 
rupture). The complete test matrix is summarized for general overview in Table 1. 

Table 1 - Test Matrix of the SSRT tapered specimens of steels T91 and 316 L 

Steel Design. Environment 
Test  
end T [°C] 

Strain 
Rate  
[s-1] 

O  
[wt.%] 

T91 

T3 Air 

rupture 

300 10-6 

- 

T1 LBE 6×10-6 

T8 LBE 3×10-13 

T9 LBE 10-8 

T4 Air 

max. load 

- 

T10 LBE 2×10-8 

T11 LBE 3×10-7 

316L 

L3 Air 

rupture 

- 

L2 LBE 3×10-8 

L6 LBE 3×10-12 

L4 Air 

max. load 

- 

L5 LBE 2×10-9 

L7 LBE 3×10-12 

Specimens were cleaned from LBE with a mixture of C2H6O+H2O2+ CH3COOH (1:1:1). After exposure, the 

specimens were analyzed in a TESCAN Mira 3 - FEG SEM with Oxford Instruments EDX detector (Parameters 

of each SEM observation are highlighted in the figures for each specific specimen). 

3. RESULTS 

3.1. SSRT tests 

SSRT tests (Table 1) are shown as load-displacement curves in Figures 2 and 3. The environment did not 

have any effect on maximal load neither on T91 nor 316L steels. However the measured displacement of the 

T91 specimens differs and it is decreasing with decreasing oxygen content. The T91 elongation decreasing 

occurs after reaching maximal load but no further decrease was observed after reaching 10-8 wt.% of the 

oxygen amount. The results from 316L stainless steel elongation show a negligible influence of the oxygen 

amount with respect to absolute values and the deviations, which is probably caused by using two machines 

with different compliances.  

The stress values due to maximal applied load are between 394±7 MPa (the widest area of the tapered 

specimen) and 632±12 MPa (the narrowest area) for T91 steel, between 308±6 MPa (the widest area) and 

494±10 MPa (the narrowest area) for 316L steel. This is valid for specimens tested up to UTS, though it cannot 

be applied for specimens loaded up to rupture.  
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Figure 2 - Load-Displacement curves for ferritic-martensitic steel T91 

 

Figure 3 - Load-Displacement curves for austenitic steel 316L 

3.2. SEM examination 

On the edge of the ground-EDM surface, up to approx. 1.5 mm from the fracture surface, several microns long 

plastic cracks (up to 25µm deep) were observed on the T91 specimen tested in air (Figure 4, right). On the 

specimen T1, tested up to rupture in LBE, deeper cracks (up to 200µm) were observed (Figure 5, right). 
Moreover, on the surface of the specimens, small cracks were observed: in air (Figure 4, left), small cracks 

were observed to start along slip planes and around precipitates; in LBE (Figure 5, left), several thin cracks 

were observed, as a result of the oxide damage and slightly bigger developed also around precipitates. The 

dimensions of the cracks in both environment are comparable, 
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Figure 4 - Specimen T3, rupture (300°C, air), (left) detail of cracks at the edge (right) detail of a crack 

on the specimens ground surface 

   

Figure 5 - Specimen T1, rupture (300 °C, LBE, 6∙10-6 wt% O), (left) detail of cracks at the edge (right) 

detail of a crack on the specimens ground surface 

   

Figure 6 - Specimen L3, rupture (300 °C, air),  

(left) general vies of cracks of the surface (left) detail of cracks characteristics 
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Figure 7 - Specimen L7, to UTS (300 °C, LBE, 3∙10-12 wt% O), (left) detail,  

the necking area - distribution of cracks, (right) detail of a crack 

Austenitic steel 316L has minimum cracking on the edges after testing in air (Figure 6), only localised cracking 

was observed on the specimens stopped at the maximal load (Figure 7). Cracks were observed independently 

of the environment. Their initiation was connected with the formation of slip planes and the local presence of 

precipitates. 

The clearest evidence of LME was observed only in the case of the specimen T1 (as well as T8 and T9), where 

fast growth and earlier failure of the specimen occurred. This difference was not observed for the 316L in these 

experimental conditions. These observations are suggesting that crack initiation is not a critical issue for the 

ferritic-martensitic steel, up to the UTS, even if cracks may start at lower load. For the crack to grow critically 

and the occurrence of LME, plastic deformation after the UTS is necessary. 

4. CONCLUSION 

Tapered specimens of austenitic 316L and ferritic-martensitic T91 steels were loaded in air and PbBi at 300°C 

and at the constant strain rate: 

• The test results of T91 steel show crack faster growth after the UTS. The influence of LBE- oxygen 

content on UTS was negligible, however, the measured displacement to rupture was different and it 

decreased with decreasing oxygen content. Plastic strain, after the UTS is a necessary condition for a 

critical crack propagation, LME. 

• The results from 316L stainless steel showed crack initiation in both environments and experimental 

conditions. The influence of LBE and oxygen amount on UTS value was negligible, although the 

measured displacement of the specimens was always higher in LBE compared to air. Crack initiation 

was affected by the surface finish, but it does not appeared to be affected by the environment (nor the 

growth). 
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Abstract  

Steel 34CrMo4 is commonly used for a variety of high strength application in many industrial areas. Some of 

such applications are exposed to environment containing H2S and high humidity that can cause the SSC issue. 

Among such applications, high strength tubes, pipes and also high pressure steel cylinders belong. To prevent 

any possible failure of above mentioned applications, variety of destructive methods can be applied e.g. tensile 

testing, CVN testing and microstructural observations. However, such procedures demand the component 

extraction with subsequent samples preparations. All of these methods are highly cost inefficient and take 

significant amount of time. As an alternative method to detect a possible initiation and propagation of SSC, the 

AE testing and observation takes place. This method is one of a few possible in-situ methods to precisely 

distinguish early phases and propagation phases of such degradation process. This paper is focused on in-

situ observation of entire SSC during simulated accelerated test on 34CrMo4 of strength reaching to 

1215 MPa.  

Keywords: 34CrMo4, sulphide stress cracking, mechanical properties, fracture surface, acoustic emission 

1. INTRODUCTION 

Many components operate in highly corrosive conditions such as high H2S, humidity and chlorides contents or 

in highly demanding environment, e.g. high temperature. The in-situ detection of early phases of all potential 

degradation processes (SSC, stress corrosion cracking, hydrogen induced cracking, creep, etc.) is an essential 

to prevent any crucial damages or catastrophic failure of pressure components such as oil pipelines, steam 

pipelines, welded pressure vessels and seamless high-pressure steel cylinders. Acoustic emission in-situ 

detection of variety of pressure applications is only one of few known and functional nowadays. Such in-situ 

detection is an approach how to significantly reduce operating costs of above mentioned applications 

compared to a standard definition of a degradation level or extent that is based on the samples extraction and 

their analyzing. There is not much of evidence regarding the in-situ observation of SSC or other degradation 

processed by AE, however Smanio [1] analysed low alloyed steel and Tsai [2] used a very similar approach 

however in case of a high carbon steel. To set this experimental procedure, samples from specially heat treated 

seamless high-pressure cylinders (tensile strength up to 1215 MPa) were extracted and especially customized-

machined for an accelerated SSC-A test. This paper is based on the 6 steps of an investigation - chemical 

analysis of an experimental material, testing of mechanical properties, micro-purity and grainsize observation, 

microstructural analysis, in-situ acoustic emission observation during the SSC-A test, fractures analysis. 

Results of all above analyses are evaluated and the potential use of use the AE in industrial applications is 

proposed. 

2. EXPERIMENTAL PROCEDURES AND RESULTS 

Experimental procedures started with chemical composition analysis of the 34CrMo4 steel after the heat 

treatment based on the austenitization at 890 °C with subsequent tempering showed following values (wt. %): 

0.35 C, 0.31 Si, 0.65 Mn, 1.05 Cr, 0.018 Ni, 0.20 Mo, 0.004 S and 0.08 P. 
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Following, second step was based on the mechanical properties examination that started with an extraction 

and precise machining of round bars for the tensile properties, yield strength (YS), tensile strength (TS) and 

elongation (El.) testing. Subsequently square shaped specimens were extracted and precisely machined for 

CVN and Brinell hardness (HBW) testing. For 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 obtain hardness values 

according to the EN ISO 6506-1. For the notch toughness testing, the RKP 450 Charpy Impact Testing Machine 

was used. This procedure was carried according to the ISO 148-1 at -50 °C in transverse and longitudinal 
direction. All mechanical properties results are shown in Table 1. 

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) 

[-] 

34CrMo4 1110 1215 14.4 36 40 390 

The third step part of an investigation procedure was metallographic observation. This was focused on 

microstructure after the heat treatment, micro-purity and grain size evaluation using the light microscopy 

(Olympus IX70). Metallographic sample of the cylinder after the heat treatment was prepared in transverse 

direction by the grinding; polishing and etching in Nital and/or in sodium hydroxide. Figure 1 reveals the 

presence of very fine microstructure of tempered martensite together with the supressed segregation bands. 

                

Figure 1 Tempered martensite in central region of wall thickness (transversal direction)  

a) general view, b) detail 

 

Figure 2 Acoustic emission signals (events) during the exposure of specimen number 1 
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Second stage of the metallographic observation was the material integrity investigation of sample number 1. 

This sample was exposed to the corrosive environment and unloaded when first AE signals were detected 
(see Figure 2). Figure 3 shows cavities and cracks that occurred during the exposure time. Figure 4 presents 

data obtained during the loading of the sample until the final fracture. Grain size according to EN ISO643 and 
micro purity according to ISO 4967 evaluations are shown in Table 2. 

 

Figure 3 Cavities and cracks in SSC-A sample after before final crack 

 

Figure 4 Evaluation of the cracking stages by AE until the final crack stage of specimen number 2 
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Table 2 Evaluation of micro purity and grain size of final products 

Spec. 
Sulphides  

fine/coarse 
Oxides banded  

fine/coarse 
Oxides formable   

fine/coarse 

Globular 
oxides           

fine/coarse 

Coarse globular 
oxides              

fine/coarse 

Grain 
size 

 

34CrMo4 - 0.2/0.1 0.1/0.1 0.2/0.1 0.2 10 

Fourth step of the investigation process (accelerated SSC-A testing) was based on the designing of special 

extended SSC specimen for the method A according to NACE TM0177-96. Specimen had to fulfil all 

requirements of mentioned standard plus the upper cylindrical part had to be extended for the AE sensors 
connection. The overall setup of adjusted specimens in chambers is shown in Figure 5. Three machined 

samples were subsequently exposed to the solution of distilled water buffered with 0.5 % sodium acetate tri-

hydrate and continuously saturated by the 100 %. The applied load was equal to 0.6 of minimum prescribed 

YS value of tested cylinder material and pH of corrosion solution was set up exactly to 4.0. This procedure is 

a proposed combination of two NACE TM0177-96 and ISO 11439 standards to simulate most severe corrosive 

conditions for seamless high-pressure steel cylinders. Since the beginning of an exposition process, both 

samples were continuously monitored by use of Vallen AMSY-6 multi-channel AE system, equipped with a 

passive piezoelectric AE sensor Vallen VS30-V, which is especially suited for tank floor corrosion, leak 

detection or for partial discharge detection thanks to its flat frequency response within the 20÷80 kHz interval. 

The AE signal was subsequently amplified using the Vallen AEP5 preamplifiers with 34 dB gain. AMSY-6 AE 

unit is capable of processing both types of AE signal, namely the burst and the continuous acoustic emission. 

In this case, the continuous data acquisition approach has been used in order to record any AE activity, whose 

amplitude exceeded the 40 dBAE threshold. In addition, for each AE hit, there has been created a transient 

record including the parametric analysis (hit duration, rise time, number of counts etc.). This information has 

helped us to perform and effective filtering process, which was subsequently applied to the measured dataset.  

For the micro-fractography investigation that was a fifth step of entire investigation process, the SEM (scanning 

electron microscope) SEM JEOL JSM-6490 LV equipped with X-ray analyser EDA) was used. Crack surfaces 

of SSC specimens after the accelerated SSC test were only cleaned by demineralized water and subsequently 

cleaned by use of an ethanol.  

 

Figure 5 AE Setup of adjusted specimens during the SSC-A exposure 
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Crack surface of an investigated specimen (number 1) revealed typical cracks distribution and fracture surface 
morphology of specimens after SSC-A test exposure. Figure 6 shows general fracture surface (SEM) together 

with details of defects that were revealed.  

 

 

 

Figure 6 Fracture surface of specimen number 2 

3. DISCUSSION OF ACHIEVD RESULTS 

Presented material 34CrMo4 (high strength low alloyed steel) very similar by properties to the one investigated 
by Tsai [2] revealed highly consistent results of degradation process (SSC) detected by AE as Figures 2 and 4 

revealed. The crack initiation and propagation stages were clearly distinguishable and were supported by 
Figure 3 that clearly revealed certain defects that were previously detected by AE during the accelerated SSC 

test that highly complies with results obtained in [1,3]. Presented findings (Figure 6) of crack initiation and 

subsequent propagation was also supported by the SEM fracture analysis that showed also the presence of 

crack initiation stage, propagation and clearly also position where the final crack took place. These finding 

highly correlate with the work of Calabrese [4] and Filippov [5]. 

4. CONCLUSION 

This paper clearly describes the in-situ SSC degradation process monitoring by use of an AE. Entire procedure 

was based on the evaluation of the AE signals (hits) obtained during the accelerated SSC-A test and 

7 6 5 

4 3 2 

1 
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confronted with the metallographic analysis to determine feasibility of such method to be applied in industrial 

sphere for continuous in-situ monitoring of high pressure components exposed to the corrosive environment 

containing H2S and high humidity. Obtained results fully support the hypothesis that this method may be used 

in industrial field based on the positive findings of correlation of found cracks by metallographic and SEM 

analysis and detected AE events (hits) during the test.  
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Abstract 

Growing efforts for weight and gas emission reduction in automotive industry led to development of advanced 

high strength steels (AHSS) with a very good strength-to-ductility balance. However, AHSS can be prone to 

hydrogen embrittlement, which leads to the degradation of mechanical properties, mainly ductility, in the 

presence of hydrogen. It can limit the applicability of AHSS for the car body construction. Therefore, it is crucial 

to assess the risks associated with hydrogen absorption in AHSS during corrosion processes. 

In this work, a novel technique for hydrogen detection was used. Scanning Kelvin probe force microscopy 

(SKPFM) enables measurement of Volta potential difference with very high spatial resolution. SKPFM 

measurements of changes in Volta potential difference were performed on an AHSS grade in order to study 

hydrogen entry and absorption as a result of atmospheric corrosion and electrochemical hydrogen charging. 

Keywords: High strength steels, hydrogen, SKPFM  

1. INTRODUCTION 

Hydrogen embrittlement (HE) of steels is a relatively well-known phenomenon. In recent years, the growing 

interest in investigation of HE of AHSS reflects a lack of information about the HE mechanism and interaction 

between the AHSS microstructure and hydrogen and also the increasing demand for wider utilization of AHSS 

in automotive industry. There are still many questions concerning the effect of hydrogen generated during 

atmospheric corrosion as hydrogen induced by this source may cause unexpected failure of AHSS 

components [1-3]. 

A number of techniques are known to be useful for studying HE of steels such as slow strain rate testing, 

electrochemical permeation technique, hydrogen microprint technique, thermal desorption spectroscopy etc. 

[4,5]. These modified techniques may be suitable for study effect of hydrogen absorbed during atmospheric 

corrosion, but techniques with higher sensitivity and better spatial resolution are needed for study of HE in 

view of steel microstructure. They are limited in sensitivity and spatial resolution. Scanning Kelvin Probe (SKP) 

and Scanning Kelvin Probe Force Microscopy (SKPFM) were shown to be a useful tool to provide information 

on the release of hydrogen from metal samples. It is based on that the hydrogen can be absorbed on one side 

of the metal, permeates through the sample and changes the Fe3+ / Fe2+ ratio by reduction of Fe3+ species on 

the opposite side which leads to decrease of Volta potential measured by SKP [6]. In the case of Pd-coated 

samples, diffusible hydrogen leaves the sample, accumulates in a Pd layer and the amount of hydrogen may 

be calculated from measured Volta potential as there is logarithmical correlation between them [7]. SKP 
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technique was successfully applied for hydrogen detection after electrochemical hydrogen charging [8-10], 

during in-situ charging [11-13] and during atmospheric corrosion [8,14].  

SKPFM is a mode of Atomic Force Microscope (AFM). After topography mapping of one line, the AFM 

cantilever is lifted and Volta potential difference is measured from electrical excitation of cantilever applying 

the voltage to the tip. The principle of hydrogen detection is the same as using standard SKP. Detail 

comparison of the techniques is given elsewhere [15]. While SKP provides micro- and even sub micro-scale 

resolution, SKPFM enables Volta potential mapping with spatial resolution in a range of nanometers due to 

very small size of the probe tip. Due to this fact, SKPFM seems to be promising technique for studying 

hydrogen permeation in AHSS with very fine-grained microstructure. On the other hand, Rohwerder and Turcu 

[15] underlined a number of possible artefacts, which should be taken into account for correct interpretation of 

results. Although SKPFM measurements were performed on duplex steels after hydrogen charging [13,16-

18], the use of this technique for detection of hydrogen formed under atmospheric corrosion conditions was 

not reported up to now. 

It is the aim of this work to study the applicability of SKPFM for detection of hydrogen produced from 

atmospheric corrosion in AHSS. Changes in Volta potential caused by hydrogen associated with local 

microstructure features would bring valuable information about distribution of hydrogen in AHSS and its 

permeation paths. 

2. EXPERIMENTAL 

The AHSS used in this work was DP1000, dual phase steel with ultimate tensile strength Rm 980 MPa. The 

chemical composition of the steel is shown in Table 1. The microstructure of the steel was described elsewhere 

[19]. DP1000 contains martensite, ferrite and retained austenite. SKPFM measurements were performed on 

samples with dimension 20 mm × 20 mm × 0.8 mm. One side of the specimens was polished with SiC paper 

to 1200 grit, the opposite side was polished with SiC paper to 4000 grit and then with diamond paste. 

Specimens were degreased with ethanol and dried. Pure nickel obtained from Goodfellow Cambridge with 

purity over 99.99 % was used as a reference material. The Ni sample was prepared by polishing with SiC 

paper and diamond paste, degreasing and drying. 

Table 1 Chemical composition of DP1000 AHSS; maximal contents of alloying elements are given in wt. % 

Material C Si Mn P S Al Cr+Mo Nb+Ti V B 

DP1000 0.18 0.8 2.5 0.08 0.015 2.0 1.4 0.15 0.2 0.005 

Three setups were used in order to introduce the hydrogen into steel specimens. The setups are schematically 

illustrated in Figure 1. In the setup a, one side of the specimen, polished to 1200 grit, was cathodically 

polarized and the opposite side was measured by SKPFM before and after charging. The charging was carried 

out in 0.5 M H2SO4 aqueous solution with addition of 40 mg / l thiourea as a recombination poison. The charging 

current density was 10 mA / cm2 and the time of charging was 40 minutes. In the setup b, the side opposite to 

the side scanned by SKPFM was contaminated with NaCl aqueous solution droplet without drying in order to 

observe the evolution of Volta potential difference during atmospheric corrosion. This setup was modified to 

the setup c, where NaCl contamination was performed using NaCl methanol solution, the surface was dried 

and humidified air at 97 % relative humidity was then blown through a miniature cell attached to the specimen 

to initiate corrosion. 

AFM AIST-NT SmartSPM 1000 was used for the SKPFM measurements. The probes in SKPFM 

measurements were ElectriTap190-G tips with Cr/Pt conductive coating with a force constant of 48 N / m and 

a resonant frequency of 190 kHz. 
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Figure 1 Schematic drawings of the hydrogen charging a) by cathodic hydrogen charging prior to SKPFM 

measurement b) droplet of aqueous NaCl solution c) microcell with wet air blowing beneath the sample 

surface contaminated with NaCl methanol solution 

3. RESULTS AND DISCUSSION 

Using the setup a (Figure 2), hydrogen was produced by cathodic polarization on the specimen side opposite 

to the side scanned by SKPFM. Figure 2 shows the topography and Volta potential (CPD) maps of the 

specimen before and after cathodic hydrogen charging measured within the same area as proved by 

topography scans. Hydrogen charging resulted in the Volta potential drop of 300 mV. It is in accordance with 

results of Senöz et al. [16]. Areas with more negative potential are visible on the CPD map after the charging. 

The difference between areas with higher and lower CPD is approximately 60 mV, whereas Volta potential of 

uncharged specimen is relatively homogeneous with only 20 mV difference. Li et al. [17] and Guo et al [18] 

observed low-potential areas at the ferrite/austenite boundaries and inside of ferrite and austenite grains in 

SKPFM measurements on duplex steel after electrochemical charging. In the present study, the specimen was 

not etched in order to avoid topography-induced artefacts on the CPD image. Microstructure investigations of 

the measured area will be carried out for future measurements in order to fit low-potential areas with 

microstructure features of studied samples.  

  

Figure 2 Topography and Volta potential maps before and after cathodic charging with setup 1a 

In further experiments, atomic hydrogen is assumed to be formed by atmospheric corrosion of DP1000. 

Atmospheric corrosion is expected to generate hydrogen that would permeate through the specimen and can 

be detected on the opposite side by SKPFM. In this case, only a small amount of hydrogen permeating through 
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the steel was expected. Still, even such small amounts are detectable by SKP as shown by Nazarov et al. [8]. 

They observed 200 mV potential fall after corrosion of iron in NaCl solution for 24 hours. After 1 week of 
conditioning in laboratory air the potential drop decreased to 150 mV. It is obvious from Figure 3a that CPD 

of DP1000 was lower before contamination of a specimen with NaCl droplet than after application of NaCl 

solution. However, the reason of the CPD increase as well as subsequent evolution of CPD is controversial. 

Already after 15 minutes after NaCl contamination 80 mV CPD jump was detected. It is unlikely to be caused 

by permeating hydrogen. It was observed by other authors [8,14,16-18] that hydrogen release causes a drop 

in CPD and not an increase. The stability of the SKPFM probe tip potential was questioned as the CPD is the 

difference in potentials of a tip and a specimen surface [15]. Any damage or contamination of a probe tip may 

cause a change of the tip potential and lead to incorrect results. The CPD measurements of pure inert Ni 

sample before and after a set of CPD measurements with DP1000 were thus conducted. As the potential of 
Ni is assumed to be stable, the measured CPD should be the same. However, Figure 3a shows that the CPD 

measured for Ni changed by 70 mV. It indicates that the measured changes of CPD for DP1000 could be due 

to unstable tip potential rather than due to hydrogen release.  

The drawback of the setup b is that the relative humidity in the AFM chamber may change because of the 

NaCl droplet evaporation and humidity changes may influence CPD values [19]. In order to avoid this problem, 

setup c was used, where blowing wet air through the microcell promotes corrosion reaction whereas the 

relative humidity in the AFM chamber stay unchanged. Results of these measurements are presented in 
Figure 3b. During this set of measurements, significant contamination or damage of the tip was observed from 

topography scans. Red colored dots indicate measurements where quality of scans dramatically worsened. It 

took another 15 hours until the quality of topography scans improved again. In this case, CPD measured with 

Ni decreased. That confirms that the tip potential was unstable and the observed increase in CPD may be 

rather an artefact. 

 

Figure 3 Volta potential evolution a) using setup b and b) using setup c 

Obtained results demonstrated that it may be difficult to measure the evolution of Volta potential correctly due 

to a number of parameters influencing CPD, especially if hydrogen is formed by atmospheric corrosion. Cook 

et al. [20] suggest SKPFM calibration with a standard SKP, but the effect of tip potential change is still possible 

and should be taken into account. The use of electrochemical hydrogen charging may be recommended as 

the amount of formed hydrogen is much higher and the change of CPD induced by the hydrogen release may 

overcome any influence of changing tip potential. The change of Volta potential difference measured by a 

standard SKP may bring more correct results as the probe do not touch the surface. Due to the fact that AHSS 

have very fine microstructures and studying of CPD changing in individual grains or grain boundaries is of high 

interest, SKPFM still remains a promising technique.  
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4. CONCLUSION 

SKPFM measurements were performed on DP1000 specimens after cathodic charging and during 

atmospheric corrosion. A 300 mV drop of CPD was observed on the opposite side of a cathodically charged 

specimen. CPD measurements during atmospheric corrosion showed that the contribution of potential 

changes of an SKPFM tip may significantly affect the CPD. The standard SKP is recommended as a tool for 

detection of hydrogen formed in atmospheric corrosion, while SKPFM may be useful for studying CPD changes 

in a microscale during in-situ hydrogen charging. 
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Abstract  

Nitrriding is a one of the processes which is used to increase material surface hardness. Nitrogen 

supersaturated layer on the material surface significantly decreases its friction coefficient. With decreasing 

friction coefficient an improvement of material wear resistance should be expected. It was proved in a 

numerous research works on sliding wear of nitrided layer. The changes of the microstructure in the surface 

of the nitrided material resulted in increasing its fatigue resistance, mostly due to residual compressive stresses 

introduced into the material surface during nitriding process. In this research the mechanism of one specific 

case of fatigue wear is described. The performed studies allowed to observe two different mechanisms of 

pitting wear initiation at the nitrided layer. One of them began with the formation of the pervious fatigue cracking 

at the material surface and in the case of second one the pitting wear was initiated at the subsurface area. 

Keywords: Nitriding, surface layer, pitting wear, cracking, steel 

1. INTRODUCTION 

Increasing role of the nitriding process in industry in a significant way influenced the scientific community. The 

numerous variants of this process, the influence of the treatment parameters, and the influence of nitrided 

layer microstructure was investigated [1- 7]. The nitriding process changes the chemical composition of the 

surface and subsurface of nitrided material. Diffusion of the nitrogen to the material in the case of the steel 

allows obtain supersaturated solid solution of the iron. Continuous increase of the nitrogen concentration 

during the process results in precipitations of nitrogen compound. In the case of alloyed steel at the nitriding 

layer we should expect formation of the Al, Ti, V, Nb nitrides [1]. With the increase of the time and temperature 

of the nitriding process the depth of nitrided layer increases. Moreover, nitriding process results in increasing 

the surface hardness of treated material. All those phenomena affect the tribological properties of the material. 

Nitrogen supersaturation of the iron solid solution reduces the friction coefficient of the material surface [2,3]. 

Decrease of the friction coefficient in a significant way reduces the mass loss of the material in the case of 

sliding wear. The presence of the compressive stresses at the material surface resulting from nitriding process, 

reduce the tendency to material cracking during processes involving friction [4]. Also the time of the nitriding 

process reduce the wear ratio of the steel samples. With the increase of the time the layer of the nitrides 

compounds such as γ‘ and ε is formed. The presence of hard particles at the subsurface layer also increases 

the wear resistance of the material [5,6]. Fatigue cracking in the case of nitrided samples is mostly initiated at 

the subsurface area. Hindered cracking propagation at the nitrided layer results from the compressive state of 

stress present in that layer [1]. Also, the fretting resistance is increased by the nitriding process due to the 

hinder formation of the adhesive bounds at the nitrogen supersaturated layer [5]. In the case of the pitting wear 

the improvement of material properties is about five times greater as compared to the non-coated materials 

[2]. The pitting can be initiated at the three different parts of the sample. In the first case, it can be initiated at 

the material surface. In the second case, it can be formed at the subsurface area. Moreover, it can also be 

initiated at the layer - bulk material interphase area. Formation of the pitting cracks at the material surface is 
related to the high differences in the mechanical properties of different parts of the material surface. At the 

subsurface area, the pitting cracking can be initiated at the Hertz maximum shear stress level. Interphase 
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region between the layer and bulk material can be the place of the pitting initiations when these two areas 

have significantly different mechanical properties [7-11]. It is important to define the mechanism and place of 

the pitting wear formation, because the area of the cracking formation and the further propagation of the pitting 

wear can affect the material wear resistance. The changes in the microstructure of the material can also 

change the intensity of cracking propagation. Due to that the main aim of the present study is a description of 

the pitting wear mechanism in the nitrided steel samples. 

2. MATERIALS FOR THE INVESTIGATION  

Materials for the research were three 30CrMoV9 steel samples. Before the nitriding, steel was quenched and 

tempered. Plasma nitriding process was used for thermochemical treatment of heat treated material. After the 

heat and chemical treatments the samples were tested on T-03 tribological tester. Traditionally the T-03 tester 

is equipped friction node with four steel balls which are moving around the metal track. For the purpose of the 

investigations, the one of the balls was replaced by the chamfered cylindrical sample. The schematic 
representation of the traditional and modified friction node is presented in Figure 1. This modification allowed 

to more precisely control the loads and also to facilitate further metallographic analysis. Pitting wear resistance 

test was performed at the room temperature, under the load of 3923 N. The tests were performed with a 

lubrication, with a mineral oil without additions of lubricate. The sample velocity was 1450 ± 50 rotations per 

minute. The test for each sample was performed until the first pit formation at the material surface. The 

presence of the pit was determined by the analysis of vibration amplitude in the friction couple. The formation 

of the first pit resulted in the high increase of the vibration amplitude and stopped the test. As a counter sample, 

the 100Cr6 hardened steel was used. For each tested samples new set of counter samples has been applied.  

 

Figure 1 Friction couple in T-03 tribological tester a) original friction couple, b) friction couple after 

modification 

After tribological tests samples surfaces were investigated on SEM HITACHI SU-70 scanning electron 

microscope. The pits and friction areas were observed. After surface investigations, the samples were included 

and grinded in the perpendicular plane to the sample axis. Further microscopic observations were performed 

on Axiovert200MAT light microscope and using SEM. The samples were etched with 2 % nital. The micro-

hardness of nitrided layer and subsurface area of the material were examined using TUKON 2500 hardness 

tester. The tests were performed using Knoop indenter applying the load of 0,098 N. 

3. RESUTLS OF THE INVESTIGATIONS 

3.1. Fracture analysis and the microstructure of the nitrided layer 

The time to the first pit formation at the samples surfaces were respectively: S1: 1101 s., S2: 11045 s., and S3 

16083 s. The observations of the investigated non-etched cross sections of the samples allowed to define the 
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area of cracking formation in each sample. For S1 sample the undersurface cracks perpendicular to the 

material surface were observed. At the S2 sample cross section the developed pit with the secondary cracks 

was observed. Also, some of the cracks on the right side of the pit were probably initiated at the material 
surface. For S3 sample the straight cracks initiated at the material surface were observed (Figure 2). 

Microstructures of the nitrided layers for each sample are presented in Figure 3. The microstructure of tested 

materials consisted of a tempered martensite. In the case of S1 sample, the nitrided layer was characterized 
by the presence of the nitrogen compound at the former austenite grain boundaries (Figure 3a). For the 

samples S2 and S3 the presence of the nitrogen compound layer (white layer) at the material surface was 

observed. Moreover, the presence of the grain boundary precipitations of nitrides was observed for this sample 
(Figure 3b, c). The changes of the nitrided layer morphology are probably related to the change of the nitriding 

potential for the samples S2 and S3, which resulted in the formation of the compound layer at the material 

surface [1,3]. The small changes can be explained by the inhomogeneous distribution of the compounds at 

the materials surface and very small thickness of the white layer.    

a) b) c) 

   

Figure 2 Surface area at the samples cross-sections: a) sample S1, b) sample S2, c) sample S3  

a) b)  c) 

   

Figure 3 The microstructures of nitrided layers in the investigated samples: a) sample S1, b) sample 

S2, c) sample S3  

3.2. The analysis and the microstructure of the nitrided layer and wear area 

Scanning Electron Microscopy investigations allowed define the pits shape and the character of wear 

mechanism in the wear area. In the case of S1 sample, the elongated shape of the pit was observed. Fatigue 

cracking in the sample caused delamination of the layer. Secondary cracks, perpendicular to the pit edges, 
were also observed (Figure 4). The analysis of the pit for S2 sample allowed observation of more rounded 

shape of the pit. The secondary cracks initiated at the pit surface were observed. The cracks parallel to the pit 
edge were also visible (Figure 5a). Wear mechanism for sample S3 was similar as in the case of sample S2. 

The pit was initiated probably at the material surface. Secondary cracks, parallel to the pit edge, were also 
observed as in the case of sample S2 (Figure 5b).  
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Figure 4 SEM image of wear area observed on sample S1 

 a)  b)   

  

Figure 5 SEM images of wear area observed on the investigated samples: a) sample S2,  

b) sample S3 

The observations of etched cross-sections of the samples using SEM allowed examine subsurface 

microstructure. For each sample the microstructure of the subsurface layer consisted of tempered martensite. 

Nitrocarbides precipitations at martensite needles and former austenite grain boundaries were observed 
(Figure 6). There are no clear correlation between subsurface microstructure and cracks propagation direction. 

Nitrocarbides precipitations favor further cracks propagation only in the case of the favorable stress state 
during wear (Figure 6). 

a) b) c) 

Figure 6 The microstructures of the investigated samples at the area of nitrided layer: a.b) sample 

S1; c,d) sample S2; e) sample S3   

 

3.3. Microhardness measurements 

Average micro-hardness for nitrided layer was respectively: sample S1: 884HK 0.01; sample S2: 940 HK 0.01, 

sample S3: 897 HK 0.01. The constant decrease of the material hardness with the depth of the investigation 
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was observed. For sample S1 the hardness constantly decreased to the value measured for the bulk material. 
The average bulk material hardness was about 469 HK 0.01 (Figure 7a). Hardness of nitrided layer for sample 

S2 maintained at the same level as measured on the surface to about 0.18 mm sample depth. Below  

the nitrided layer at the distance of 0.11 mm micro-hardness was about 841 HK 0.01. Micro-hardness of the 
base material was about 469 HK 0.01 (Figure 7b). The similar as for sample S2 character of micro-hardness 

profile was observed for sample S3. Micro-hardness of the material decreased below nitrided layer to value 

about 822 HK 0.01 and after about 0.05 mm decreased steadily to the 494 HK 0.01 for the base material  
(Figure 7c). 

a) b) c) 

   

Figure 7 Microhardness profiles for the samples: a) S1; b) S2; c) S3. Knoop indenter, test load: 0,098 N 

For sample S1 presented results allowed state, that pitting wear was initiated below the material surface. 

Fatigue cracks were initiated at the maximum shear stress area (Hertz Point) located beneath the nitrided 

layer. Cracking propagated at the same depth under surface, and caused delamination of surface layer. The 

shortest time required to failure for this sample resulted from easier cracking propagation in subsurface. The 

pits observed on samples S2 and S3 were initiated probably at the surface. The change of pitting wear initiation 

mechanism was analyzed by the changes in the pits shape and secondary cracks shape observed on the 

cross-sections [12]. The brittle nitrocarbides precipitations at the surface were the sources of primary fatigue 

cracks witch propagated perpendicular to the surface of the sample. The compression stresses in nitrided layer 

inhibit cracks propagation, what resulted in longer time required to pit formation. Micro-hardness profiles of the 

samples allow to state, that for sample S1 cracks propagated in the area of nitrided layer having lower 

hardness, and then propagated to the material surface. For samples S2 and S3 fatigue cracks changed 

direction to parallel to the surface in the area with lower hardness. Decrease of hardness with the distance 

from the surface probably resulted from decrease of compressive stresses [1,3,13]. Lower compressive 

stresses in the subsurface regions favor the crack propagation in those regions. The consequence of 

compressive stresses decrease was shorter time to pit formation for sample S1 and change of fatigue cracks 

propagation direction for samples S2 and S3. Direct correlation between the microstructure and crack 

propagation was not observed. The main parameter influencing cracking direction was probably the 

mechanical characteristic of load during the tribological tests. Former austenite grain boundary precipitations 

of nitrocarbides favor promote cracking only when precipitations are located at energy preferred direction. 

4. CONCLUSIONS 

The following conclusions can be drawn from this study: 

Two different mechanisms of pitting wear initiation were observed. Fatigue cracks were initiated on and under 

the surface of the samples. Initiation of the cracks at the surface was caused by the presence of brittle 

compound layer (white layer). Continuous changes of the cyclic stresses during the tribological tests resulted 

in the crack initiation at mentioned point. The cracks propagated in this case perpendicular to material surface. 

The cracks observed under the surface of the sample were probably initiated in the area of maximum shear 

stresses (Hertz Point), and they propagated parallel to the surface of the sample. The cracks were initiated in 
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the nitrided layer, in the area of lower hardness. Compressive stresses in the nitrided layer inhibit the cracks 

development. In the case of the cracks initiated on the surface of the sample, the presence of compressive 

stresses caused prolongation of time to pit formation. In the case of the cracks initiated under the surface, 

probably in the area of lover compressive stresses, the shortest time required to pit formation was observed. 

There was no direct correlation between the microstructure of nitrided layer and cracking direction. 

Nitrocarbides precipitations promote cracking when their locations correspond to the state of stress in the 

material. Beyond these cases there was no direct correlation between microstructure of nitrided layer and 

cracking direction.  
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Abstract  

Manufacturing of the tensile test specimens with minimal surface defects and close tolerances are the key 

factors to achieve desirable and accurate mechanical properties. In addition, faster and cost-effective 

manufacturing methods with reliable results are also critical requirements. This study focuses on determination 

of the effects of various manufacturing methods on tensile properties and surface conditions produced during 

different machining operations. For this purpose, tensile test specimens of S700MC steel were prepared in 

rolling directions of 0°, 45°, and 90° using wire electro-discharge machining (WEDM), abrasive water jet cutting 

(AWJC), plasma cutting (PC), laser cutting (LC), and milling operations. The results were discussed in terms 

of specimen dimensions, surface roughness, (Ra and Rz) and tensile properties in detail.  

Keywords: Tensile properties, S700MC, manufacturing methods 

1. INTRODUCTION 

In order to determine the mechanical properties aiming to assure the quality requirements of the materials 

and/or any advanced mechanical characterization studies, the basic tool is the standard (uni-axial) tensile 

tests. Despite of its limitation on maximum obtainable strain values due to the plastic instability (necking), 

standard tensile test is commonly used because of its low cost and ease of accessibility [1-2]. This testing may 

be needed for sheet metals or thick plates especially in defense industry applications where the thickness of 

the materials used are relatively higher. At present, it could be stated that, the only internationally accepted 

method for the manufacturing of standard sheet-type tensile test specimens is milling [3]. However, the final 

quality of the milled specimen is barely dependent on the amount of wear of the milling tool and the dynamic 

response behavior (chatter stability) of the milling machine. In other words, a wide range of surface quality 

grades can be obtained by a standard milling operations. Due to this fact and moreover the concerns of the 

cost-effectiveness, alternative specimen preparation methods exist in industrial application. For the case 

where the tensile testing of thick plates is performed, alternative trimming options such as LC, AWJC, PC and 

WEDM come to seen as powerful alternatives [4]. Therefore, relative studies exist in the literature at which the 

different manufacturing methods are compared with respect to the obtained mechanical properties and the 

surface quality results. For instance, Krahmer et al. [4] performed a study on AISI 1010 steel and Inconel 718 

materials and stated a 5% difference in the mechanical results among different manufacturing processes. 

Similarly, Barenyi [5] studied that effect of plasma and laser welding operations for Ultra High Strength Steels 

(UHSS). Barenyi also showed that the operation parameters can degrade the obtained mechanical properties. 

This contribution has a distinguishing property with these existing literatures that our focus is given to S700MC 

material which is commonly-used high strength steel in defense industry. Our investigation deals with not only 

the rolling direction but also transverse and 45° directions. The specimen thickness is also selected as 6 mm 

which is out of the acceptable range of sheet metals. And furthermore, a microscopic analysis is also performed 

to comment of the different kerf surface characteristics of different manufacturing methods. The results in this 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

585 

contribution reveal that when all the directions are considered altogether for S700MC steel, LC yields the most 

closer (~1-6% differences) mechanical results compared to milling for the given process parameters. Definitely, 

in order to produce more comparative data, the dependence of the process parameters on the surface quality 

of the specimens should also be studied. This fact (the dominance of process parameters on surface quality) 

would be investigated for each manufacturing method as a future work. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

2.1. Materials 

In the present investigation, tensile test specimens were prepared and tested according to ISO 6892-1 

standard [6]. To determine the yield strength (Re), ultimate tensile strength (Rm) and total elongation values 

at failure (A), tensile tests were performed on Zwick/Roell Z300E tensile tester under test conditions at test 

speed of 20 mm/min, clamping pressure of 4.5 bar, preload of 1000 N, and extensometer range of 80 mm. 

The tests were repeated five times and their mean values were accepted as final output values of the tensile 

test. The specimens were manufactured by different cutting methods at three different directions of 0°, 45°, 
and 90° relative to the rolling direction of the test material (S700MC steel). Figure 1 shows tensile test setup, 

the dimensions of a specimen, and layout of specimen preparation. The employed cutting operations and their 

cutting conditions were: 

• WEDM (brass coated steel wire, I: 22 A, Vd: 115 V, Ton: 10 µs, Toff:  15 µs, fr: 4 mm / min) 

• AWJC (3500 bar, SiC abrassive (grit size 80), Ø 1.2 mm nozzle, 2 mm standoff, fr: 132.3 mm / min) 

• PC (N2 assist gas, fr: 2680 mm / min, 3 mm standoff, Ø3 mm nozzle, I: 130 A, 115 V) 

• LC (O2 assist gas, 4.8 kW, fr: 1650 mm/min, 2 mm standoff, 0.8 bar gas pressure, Ø1 mm nozzle) 

• Milling (TiAlN coated carbide end mill, Ø8 mm, Z4, VC: 50 m / min, fz: 0.075 mm / tooth, ap: 0.5 mm) 

 

Figure 1 a) Tensile test setup, b) the dimensions of a test specimen, and c) layout of specimens at different 

orientations on S700MC plate. 

 

Figure 2 Three regions of a surface cut with LC 
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Mitutoyo Surftest SJ-301 surface roughness tester was used to determine surface roughness values (Ra and 

Rz) at entrance, middle, and exit regions of the kerf surfaces using a sampling length cut-off (Lc) of 0.8 mm 

and evaluation length (Ln) of 6 mm. Three measurements were taken from RD-0°, RD-45° and RD-90° 
directions and their mean values were accepted as the final surface roughness values. Figure 2 shows the 

entrance, middle, and exit regions of an example surface cut using LC. 

After manufacturing of the specimens, each of them was analyzed in terms of lost regions in the cross-sectional 

area, occurred due to natures of some cutting processes such as LC, PC and AWJC using AUTOCAD 
software. In Figure 3, measurement method of lost regions on a specimen cross-section (after PC) and burr 

formation conditions of the specimens for each machining condition are presented.  

 

Figure 3 The representation of lost regions on specimen cross-section and area loss values and burr 

formation conditions of specimens cut by different methods 

In this study, milling operation which is the standard method for producing the sheet metal tensile specimens 

[3,4], is selected as the base cutting method and the results obtained from other methods were compared to 

ones from milling. 

3. RESULTS AND DISCUSSIONS 

3.1. Tensile test 

Figure 4 shows Re (Figure 4a), Rm (Figure 4b), and A (Figure 4c) values at rolling directions of 0°, 45°, and 

90° for different cutting methods. In Table 1, the percentage differences of mechanical properties of the 

specimens cut by other methods relative to those of the specimen cut by milling are given. Minus sign means 

a decrease in average mechanical properties. Except for A values obtained with WEDM and AWJC methods, 

the maximum variation of mechanical properties is only about 6%. In general, when compared the cutting 

methods, the closest results to milling were obtained with LC. However, WEDM and AWJC results are also 

very close to obtained Re and Rm values with milling method. It can be said that minus A values are related 

to strain hardening effects of milling method [4]. On the other hand, the highest differences were observed with 

PC method. This can be associated with irregular cross-sectional area, surface, and possible subsurface 

defects (for example, HAZ). Test results showed that anisotropy affected the tensile test results significantly. 

When compared to RD-0°, Re values increased for all cutting methods in the range of 0.40 - 8.25 % and 7.45 

- 14.52 % for RD-45° and RD-90°, respectively. On the other hand, anisotropic behavior affected the Rm and 

A values in a different way. In case of RD-45°, Rm decreased between 0.09 - 4.32 %, whereas for RD-90°, 

these values increased in the range of 0.90 - 6.46 % in comparison to RD-0°. In comparison to A-values at 

RD-0°, although RD-45° leads to reduction averagely by 5.17 % for some methods (WEDM and AWJC), an 

increase between 12.43 - 31.00 % were obtained. For RD-90°, A-values decreased in the range of 3.85 - 31.57 

% with respect to RD-0° for all cutting methods. During rolling process, grains of material become oriented in 

a specific crystallographic direction and plane. Therefore, mechanical properties of rolled sheet depend on the 

direction. The strengthening that takes place by the development of anisotropy is called as texture 

strengthening [7]. For S700MC plate, it was found that tensile strength is highest in vertical orientation to the 

rolling direction (RD-90°). However, ductility is highest at RD-45° in general. Similar ductility behavior can be 

also seen for a cold worked aluminum-lithium alloy [7], AISI 304 austenitic stainless steel [8], and API-X80 
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steel [9]. It can be said that different cutting methods and rolling directions affected the A values of S700MC 

steel significantly rather than Re and Rm values.  

Table 1 Comparison of tensile test results for different cutting methods relative to milling  

Machining 
method 

Re (%)  Rm (%) A (%) 

RD-0° RD-45° RD-90° RD-0° RD-45° RD-90° RD-0° RD-45° RD-90° 

WEDM 0.46 1.94 4.76 -0.99 0.79 3.02 14.75 -5.34 -18.33 

AWJ 1.46 -1.47 2.57 -1.88 -1.2 0.14 18.58 -3.44 -3.80 

PC 6.43 0.17 4.14 2.33 -0.26 1.87 -8.00 4.21 -6.16 

LC -0.27 -1.59 0.32 -0.30 -0.85 -1.68 -3.44 -6.17 -1.96 

 

Figure 4 a) Re, b) Rm, and c) A values at rolling directions of 0°, 45°, and 90° for different  

cutting methods  

3.2. Surface roughness 

Figure 5 indicates SEM images of kerf surfaces of specimens cut by five cutting methods. As can be clearly 

seen, the milled surfaces have a good surface quality with small adhesions and short burrs. On the other hand, 

thermal effect in WEDM, PC, and LC methods, and influence of abrasive particles in AWJC [4] lead to some 
surface defects. In LC, some striations can be observed on kerf surface (Figure 3). In this case, the convection 

cooling effect of the high-pressure assistant gas causes to the rapid solidification of liquid metal at the kerf 

surface and result in formation of cast layer [10]. This, in turn, leads to formation of micro cracks at the 
machined surface (Figure 5). Similarly, in PC, some craters and micro cracks are visible due to rapid cooling 

of molten material. In WEDM, some adhesions were observed. They occurred during pulse off period in the 

cutting process and some micro cracks and voids can be seen. 
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Figure 6 shows Ra (Figure 6a), and Rz (Figure 6b) values at rolling directions of 0°, 45°, and 90° for different 

cutting methods. In Table 2, the percentage differences of surface roughness values of kerf surfaces of the 

specimens cut by different cutting methods relative to those of the specimen cut by milling are given. Ra and 
Rz values support the SEM analysis of kerf surfaces (Figure 5). The smoothest surface was obtained with 

milling operation. On the other hand, formation of striations in LC leads to the roughest surface. However, this 
case did not affect significantly the mechanical properties of the specimen. As shown in Figure 6, the closest 

surface roughness values to milling were obtained with PC. Although Ra and Rz values do not vary at entrance, 

middle and exit regions of the kerf surfaces for WEDM, PC, and milling, these values increase from the 

entrance to the exit for LC and AWJC. In AWJC, the intensity of plastic deformation increases through the 

thickness of specimen. Because as the abrasive particles penetrate into the part, with increasing depth the 

abrasive jet stream deflected, thus lead to formation of striations on kerf surface [11]. This situation results in 
a rougher region at the exit of the machined surface (Figure 6). In LC, formation of increasing deep striations 

from entrance to exit edges (Figure 3) resulted in rougher surface conditions. 

 

Figure 5 SEM images of machined surfaces for different machining methods  

 

Figure 6 a) Ra and b) Rz values for different cutting methods at entrance, middle,  

and exit regions of kerf surfaces 
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Table 2 Comparison of surface roughness for different cutting methods relative to milling. 

Machining 
method 

Ra (%)  Rz (%) 

Entrance Middle Exit Entrance Middle Exit 

WEDM 153.96 115.15 139.84 126.02 90.16 127.17 

AWJ 113.78 115.39 219.25 96.41 81.16 221.50 

PC 85.63 71.33 97.33 57.71 25.51 59.56 

LC 353.08 455.71 610.70 229.54 277.85 470.53 

4. CONCLUSION 

In this study, it was aimed to contribute to industry and academy for determination of a time-saving and cost-

efficient preparation methods of tensile test specimens in comparison to specimen preparation with standard 

milling method. For this purpose, test performance of different cutting methods in terms of mechanical 

properties and surface roughness of S700MC was investigated. Milling process was selected as base cutting 

method and obtained results were compared to WEDM, AWJC, PC, and LC methods. It was found that LC 

which is a low-cost and less time-consuming process could be an alternative process to milling due to close 

tensile test results. On the other hand, compatible Re and Rm values were also obtained with WEDM and 

AWJC methods. Therefore, it can be said that it is possible to lower the cutting time (except WEDM) and 

complexity for specimen preparation of S700MC with minimal differences on tensile properties using different 

trimming methods other than milling. In addition, the test results showed that anisotropy has a significant effect 

on tensile properties of S700MC. 
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Abstract 

Development and maintenance of materials for nuclear power plants and aerospace usage is an important 

area of the materials science. It includes the study of various aspects of materials damage as well as an 

improvement and development of new observation and testing techniques. New research facility for materials 

study in Rez allows perform mechanical testing and microstructural analysis using novel techniques specially 

developed for irradiated materials. New hot cells complex allows to operate with irradiated samples up to 300 

TBq of 60Co. In this work, the instrumentation part and the operation procedure are described. 

Keywords: Hot cells, mechanical testing, irradiated materials, radiation damage 

1. INTRODUCTION 

Maintenance and operation of nuclear power plants require a complex study of materials properties under a 

variety of conditions, such as radiation, mechanical, thermal and environmental treatment. In most of the cases 

those factors, resp. their combinations crucially affect the microstructure and thus, mechanical properties of 

the NPP’s structural materials. Steels are widely used as a material for the NPP’s components [1], [2]. During 

the operation, they are exposed to the high level of radiation, which leads to the progressive degradation of 

the structure. This process has been studied for a couple of decades and brings an important knowledge for 

the prolongation of the lifetime of the NPP’s worldwide and development of new stable resistant materials []. 

Neutrons and gamma radiation can cause embrittlement in several materials [3] and hardening in steels and 

pure tungsten [4], [5]. Irradiation Assisted Stress Corrosion Cracking (IASCC) is a subject for a number of 

investigations since small intergranular cracks formed on the surface of reactor vessel internals due to the 

corrosion can result in the drastic damage of the component and limitation of the NPP’s operation. It means 

that the materials should maintain the resistance to IASCC crack initiation and growth after neutron irradiation 

over a certain threshold dose, which is about 2-3 dpa in light water reactors Li-based (PWR) and KOH-based 

coolants (VVER) [6]. Thus, the development of techniques for investigation and in-situ monitoring of the internal 

parts of the nuclear reactor is required. There is a limited amount of facilities for the irradiated materials studies 

in the world. So-called “hot cells” facilities available in several countries enable a complex scientific overview 

on the mechanical properties and microstructure of irradiated samples and their comparison with non-irradiated 

materials. One of the newest hot cells complex was recently built in Czech Republic, near Prague, and consists 

of 8 gamma- and 2 alpha hot cells equipped with instrumentation for metallic samples preparation, various 

mechanical testing and microstructural observations. This paper describes the mechanical testing solutions 

for irradiated materials studies inside the hot cells.  

2. INSTRUMENTATION 

CVR hot cells facility is located in Czech Republic and contains “dry pool” for samples reception, ten hot cells 

with the maximum allowed activity of 300 TBq of 60Co for samples preparation and mechanical testing and one 

“semi-hot” cell for microstructural studies and nanoindentation with a maximum activity of 250 GBq. 
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Transportation of radioactive samples between the cells is ensured by a special crane machine moving above 

the ceiling shielding. The material is transported in the container of a sufficient shielding for highly irradiated 

samples. Loading of the material into the hot cell is done through the hole in the upper part of each cell.  

2.1. Dry pool and reception hot cell 

Irradiated materials transported in a special shielded transportation cask (e.g. B(U) - type) are first received in 

a dry pool, where the cask is opened and the samples are transferred to the reception hot cell. There, each 

sample is labeled and registered into the internal datasheet with a unique number.     

2.2. Samples preparation 

CVR hot cells are designed for a production of a wide spectrum of specimen’s types for mechanical testing 

and microstructural investigation using devices for cutting, machining, welding, grinding and polishing 

described below.   

2.2.1. EDM  

Automated electrical discharge machine (EDM) Eir-EMO 2cv (Figure 1) located inside a hot cell will be used 

for cutting and machining of testing specimens without heat treatment of the initial microstructure. It enables a 

3D movement range of the sample table in x, y, z with the maximum values of X: 30 cm, Y: 39 cm, Z: 12 cm. 

Maximal workpiece weight corresponds to 5 kg.  

  

Figure 1 EDM machine inside the CVR hot cells for cutting and machining of irradiated samples (left) and 

the distanced operation of the machine (right) 

2.2.2.  Machining and grinding 

The combined Mikronex computer numerical control (CNC) machining center with four controlled axes 

equipped by lathe machine for round samples production is used e.g. for tensile samples preparation of various 
sizes (Figure 2, on the left). CNC grinding machine for surface grinding, which includes cycles for all 

conventional methods of surface grinding is also located inside the same hot cell. Round-shaped 

specimens, TPB, μTPB, CT, 0.5 CT, RCT, flat samples machining and a surface grinding, after e.g. the EDM 

machining, can be performed using these Mikronex CNC devices. 
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Figure 2 Mikronex CNC machining center inside the CVR hot cell 

2.2.3.  Metallographic preparation  

Standard cutting, grinding and polishing of the samples for SEM analysis are performed in the metallographic 
hot cell equipped with Struers devices specially designed for irradiated materials (Figure 3). Thus, all the 

devices are shielded by steel and are simplified for the easy access and operation. Metallographic cutting saw 

is used for cutting samples with a diameter up to 70 mm or of maximum 165 x 50 mm size. Hot cell is also 

equipped with an ultrasonic cleaner for cleaning the specimens after each grinding/polishing step. It is possible 

to prepare Ø40 mm metallographic specimen.  

 

Figure 3 Metallographic hot cell prepared for operation with active samples 

2.2.4. Dimension measurements   

Final specimen’s dimensions will be quantified using Vertex 251 HM optical measuring device inside the hot 
cell (Figure 4). It is an automatic CNC controlled multisensor 3D measuring device equipped with CCD chip 

camera for determining the dimensions of test samples using video sensor and probe. The accuracy at 

maximum measuring range is at least 10 µm. The machine is also equipped with insulation against vibrations.  
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Figure 4 Vertex 251 HM optical precise measurement device 

2.3. Autoclave system  

Electrohydraulic autoclave system with a water loop, model AZS 01 - SUSEN, n. 2310 / 01 (Figures 1- 3) is 

used for the stress corrosion cracking testing. The autoclave body is located inside the hot cell and the water 

loop is in the operation room under the hot cell. System allows mechanical testing of test specimens to a 

maximum operating temperature of 350 °C and pressure of 16.6 MPa. The temperature measurement is 

performed by calibrated high-temperature sensors located inside the autoclave pressure vessel. The internal 

load build-up of the autoclave assures the unilateral or cyclic axial tensile loading of the specimen. Tensile 

stress control is performed using a hydraulic cylinder. The heating system of the autoclave consists of 

preheating furnace and primary heating circuit. The heating rate of the furnace cannot exceed 1 °C / min to 

exclude the possibility of an overheating. The total heating time of the system up to 350 °C can achieve 12 h. 
Figure 5 shows the autoclave for active testing in the CVR hot cells. 

          

Figure 5 Images of the autoclave body with a tightening system (left) and a water loop (right) 

2.4. Tensile, Fatigue and Creep testing 

Two servo-hydraulic testing machines allow perform tensile, compression and torsion experiments at a wide 

temperature range with various shapes of specimens. Universal servo-hydraulic testing machine INSTRON 

8802 enables testing with a maximum load of 250 kN, e.g. tensile, compression and fatigue tests of round or 
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quadrangular cross-sections samples with the possibility of testing in the temperature range from -193 °C 

(liquid nitrogen) up to 800 °C (air) or 1200 °C (argon). It is possible to perform low cycle fatigue test with 

controlled force (soft loading) or with controlled deformation (hard loading). Moreover, fracture toughness 

testing, i.e. measuring a crack propagation rate depending on the amplitude of the stress intensity factor for 
compact tension (CT) specimen can be done. Combined loading (tensile-compression, torsion) with the 

possibility of testing in the temperature range from -193 to at least 800 °C (air) is performed on a INSTRON 

8874 servo-hydraulic machine with a maximum load capacity of 25 kN.  

Electromagnetic resonance testing machine Zwick with the axial dynamic load strength of at least ± 25 kN, 

with the power capacity of at least ± 50 kN (± 10 %) and the maximum stroke amplitude of at least 2 mm and 

250 Hz. It allows perform fatigue tests in a high cycle fatigue mode and creating a crack on a standard CT and 

three-point bending (TPB) specimens at the temperature range from RT to 600 °C. 

Electromechanical creep testing machine with a 50 kN load, equipped with high-temperature air furnace, 

system for measuring the deformation of samples and recording measured data is located in the separated 

hot cell. Two extensometers (video and laser) are available for precise in-situ deformation determination. The 

creep facility includes clamping adapters for a number of test specimens, accessories and can be used for 

testing up to 800 °C using software for controlling basic tests and evaluation. The equipment allows to perform 

tensile and bending creep tests to fracture according to ASTM E139, E292, crack growth in creep according 

to E1457 - 13, tensile and bending creep tests with a cyclic loading, release stress test at constant deformation 

2.5. SEM  

After metallographic preparation of active samples is done the specimen is transferred to the semi-hot cell for 

SEM analysis. The microstructural characterization of the material can be performed using field emission gun 

(FEG) scanning electron microscope (SEM) TESCAN MIRA3 equipped with SE (secondary electrons), BSE 

(back scattered electrons) including in-lens detectors, in-beam SE, EDX (energy-dispersive X-ray) and WDX 
(Wavelength-dispersive X-ray) detectors. The overview of SEM facility in the CVR hot cells is shown in  

Figure 6. FEG enables accelerating voltage in a range of 0.05 - 30 kV, resolution better than 1.2 nm. WDX 

and EDX detector components are used for chemical microanalysis. Using MIRA3 SEM it is also possible to 

display electrons absorbed by the material in electron-beam-induced current (EBIC) mode. The system is also 

equipped with plasma decontaminator and detectors shielding for operation with irradiated samples. All 
detectors are protected against radiation by special steel shielding as is shown in Figure 6, on the right.   

  

Figure 6 The overview of TESCAN MIRA3 FEG-SEM inside the CVR semi-hot cell (left) and operational 

room (right) 
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3. CONCLUSION 

This paper describes the operation of the CVR hot cells facility. Active testing starts from the receiving of 

irradiated material in the transportation cask following by registration and labeling of pre-machined samples 

and manufacturing of the specimens from the irradiated semi-finished products. Several devices for cutting, 

machining, grinding, polishing and metallographic preparation are used to produce the irradiated specimens 

for mechanical testing and microstructural characterization in the CVR. Thus, the full range of testing can be 

performed for the research and industrial purposes to fulfill the aims of development of new advanced materials 

for primary and secondary circuit components of Gen III and IV nuclear power plants usage and to prolong the 

lifetime of the existing power plants. 
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Abstract  

This article is devoted to the influence of copper on the bainitic transformation. Copper addition hinders 

proeutectoid ferrite formation and thus is favourable for bainitization. Copper is also one of the alloying 

elements used for the precipitation in ferrite matrix. The precipitation is usually induced by the formation of 

supersaturated copper solution in ferrite and subsequent heating. Normal way to achieve this treatment is 

quenching and tempering. 

However, copper precipitation can be also induced during continuous cooling, if the austenite decomposition 

temperature is sufficiently high. Isothermal quenching into salt bath is a possibility to obtain both transformation 

strengthening and precipitation strengthening in one-step process. 

Steel with 0.2 % of carbon and different Mn and Cu content was examined. Samples were austenitised and 

cooled in salt bath of different temperatures; from 320 to 420 °C. Mechanical properties were measured by 

tensile test and hardness measurement. Metallography analysis was performed to compare structure of the 

samples. 

Keywords: Steel, bainite, copper precipitation, precipitation hardening 

1. INTRODUCTION 

Copper alloying is one of the possible means for ferrite strengthening. Temperature dependence of copper 

solubility in austenite and ferrite allows perform precipitation hardening. Copper is solved in solid solution at 

higher temperatures, steel is cooled down and precipitation treatment is then performed. Quenching and 

tempering is an obvious choice from classical het treatment repertoire to induce copper precipitation in steel 

[1,2,3]. However, copper needs typically high temperatures and long tempering times to precipitate. Typically 

1 hour at 500 °C. It is a high tempering temperature for low alloyed steels where high tensile strength is 

required. High tempered martensite loses most of its initial strength before onset of copper precipitation 

strengthening. This phenomenon is inevitable due to the difference between mobility of interstitial carbon and 

substitutional copper in ferrite crystal lattice. 

This article is devoted to the experiment with copper precipitation strengthening during formation of ferrite in 

steel at higher temperatures [4]. Bainitic transformation gives an opportunity to this approach. Bainite gains its 

strength from small size ferrite sheaves and from precipitation of carbide particles. Retained austenite can be 

also present in the structure, however composition of used experimental steel did not promise its presence in 

significant amount. Copper precipitation within bainitic sheaves is another mechanism for bainite 

strengthening.  

The experiment compares three experimental materials with and without copper and with different manganese 

content. Bainitization was performed by steel austenitization and cooling in salt bath with temperatures from 

320 to 420 °C. Salt bath dwell time was chosen 15 minutes to ensure that bainitic transformation will be 

complete. It was not longer to avoid copper precipitation from supersaturated solid solution during temperature 
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hold. Salt bath temperatures were set too low for significant copper precipitation during 15 minutes hold. Any 

possible copper precipitation occurred during the bainitic transformation or very shortly after it.  

2. EXPERIMENT 

Experimental melts were produced in vacuum induction furnace under the argon atmosphere. Three melts 

with raw mass 500 kg were casted. Chemical composition of the melts is in the Table 1. Alloying was chosen 

to show influence of addition of copper and its synergy with manganese since Mn is element increasing 

hardenability and potentially increasing amount of retained austenite. Boron was added to suppress 

proeutectoid ferrite and pearlite formation. Titanium was added primarily as nitrogen binding agent. Nitrogen 

can impair boron effect by bonding with it. When titanium is present, nitrogen prefers bonding with Ti, forming 

titanium nitride. Secondary, Ti can form fine carbides and carbonitrides, which persist in microstructure during 

austenitization and hinder austenite grain growth, as used in micro-alloyed steels [5]. Ti was added in 

concentration four times higher than expected concentration of the nitrogen. 

Ingots with round cross section were produced. They were forged by the hydraulic press between flat swages 

into billets with cross section 300x80 mm. These billets were machined to remove scales and hot-rolled in duo 

rolling mill into sheets with thickness 4.5 mm. These sheets were descaled by sand-blasting and cold-rolled to 

the final thickness of 3.2 mm. Sheets were cut into the experimental samples 250 x 75 mm. Samples were cut 

in the rolling direction of the sheets. These samples were used for the heat treatment. 

Table 1 Chemical composition of the experimental materials (in wt. %) 

Material C Mn Cu Si B Ti N P S 

V0 0.22 0.98 0.12 0.073 0.0014 0.022 0.0056 0.008 0.003 

V1 0.19 0.98 1.08 0.081 0.0013 0.025 0.0063 0.009 0.002 

V2 0.21 1.91 0.98 0.095 0.0013 0.021 0.0053 0.008 0.002 

Heat treatment consisted of heating samples and cooling in the salt bat. Samples were heated to the 870 °C 

in electric atmospheric furnace with holding time 30 minutes. Then they were put into salt bath with temperature 

420, 380, 350 and 320 °C. Samples were left in the bath for 15 minutes.  

Tensile test specimens were machined by milling from the samples. Flat specimens had gauge length 60 mm 

and width 8 mm. Quasi-static tensile test was performed using servo-hydraulic testing machine. Metallographic 

section was also prepared in the longitudinal direction by mechanical grinding and polishing. Hardness was 

measured by Vickers method with 10 kg load. Microstructure was revealed by Nital etchant. It was observed 

by optical and scanning electron microscope (SEM). 

3. RESULTS AND DISCUSSION 

Microstructure of all samples was bainitic. Different salt bath temperatures resulted in different size of ferritic 

sheaves and different carbide particle size. There are representative micrographs in Figure 1 from samples 

treated in the coolest and hottest salt bath and with lowest and highest alloying. Dependence on the 

temperature is clearly visible - the lower temperature the finer structure. However there was no significant 

difference in bainite appearance among three tested materials at given salt bath temperature while observing 

by light microscope or SEM with magnification 10 000x. Carbides formed at the ferritic sheaves boundaries, 

at the prior austenite boundaries and within ferritic sheaves. 
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Figure 1 Microstructure of the samples V0 and V2 after cooling in 320 °C and 420 °C  

salt bath 

Samples were examined by SEM also in higher magnification. Figure 2 shows details of microstructure of all 

materials bainitized at SBT 380 °C. Micrographs show dark-grey ferrite matrix and bright cementite particles. 

Cementite particles have comparable size and appearance among the materials. Structures differ in presence 

of small particles in the ferrite matrix, less than 20 nm in diameter. Material V0 showed almost no small particles 

whereas ferrite in materials V1 and V2 was densely populated with them. This character of microstructure was 

observed at all SBTs. Interpretation of the small particles as copper precipitates manifestation is plausible. 

However it can´t be stated that apparent diameter of the particles in SEM micrographs equals to the precipitate 

diameter measured by transmission electron microscopy (TEM). Etching could leave particle with different 

diameter than visible by TEM by lattice difference. SEM resolution is also at its limits to precisely determine 

diameter of these particles.   

V0 / 320 °C V0 / 420 °C 

V2 / 320 °C V2 / 420 °C 

2 µm 

2 µm 2 µm 

2 µm 
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Figure 2 Microstructure of the test materials at higher magnification 

 

Figure 3 Mechanical properties of heat treated samples in dependence of salt bath temperature. Yield stress 

(YS), ultimate tensile strength (UTS), ductility (A5) and hardness HV10. 

V0 / 380 °C V1 / 380 °C V2 / 380 °C 

200 nm 200 nm 200 nm 
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Mechanical properties of the samples are shown in Figure 3. Yield stress (YS), ultimate tensile strength (UTS) 

and hardness showed monotonous trend - decrease with increasing salt bath temperature. The ductility for the 

materials V0 and V1 had minimum at the salt bath temperature (SBT) 350 °C. 

Comparison of materials V0 and V1 shows influence of copper alloying. UTS and YS increased by roughly 50 

MPa except of SBT 380 °C, where material V1 has lower UTS and YS than V0, even though the hardness is 

significantly higher.  

Addition of Mn caused another increase of strength, hardness and even ductility, which is comparable to the 

material V0 except of the lowest SBT 320 °C. 

Solid solution strengthening causes ferrite YS increase by 37 MPa per 1 wt. % Cu and 30 MPa per 1 wt. % 

Mn. However other strengthening mechanisms have to be taken into account for the experimental material. 

Alloying can cause also change in grain size and dislocation free path given by cementite particles spacing 

inside the ferrite crystals. Finally, there is also desired precipitation hardening effect from Cu. Ferrite crystal 

size (or simply grain size) is given by dimensions of the bainitic ferrite sheaves. Both the ferrite crystal size 

and the carbide spacing in bainite is difficult to quantify. Thus, only visual comparison of the structures was 
performed (see Figure 1).  

Samples treated at all SBT exhibited strengthening with increasing content of Cu and Mn with one exception. 

YS and UTS of V0 material at SBT 380 °C was higher, than for material V1 alloyed wit additional 1 wt. % Cu. 
However hardness of V1 material was higher (see Figure 3). Samples V0 380 and V1 380 had also different 

character of stress-strain curve (SSC). Specimen V0 380 exhibited SSC without distinctive YS. However, there 

was a notable YS point in case of sample V1 380. There was no actual drop of stress at the YS but a sharp 

kink of SSC was present. Similar, but much less apparent kink was present also at the SSC of sample V2 380. 

Material V0 exhibited higher deformation strengthening at this temperature than other tested materials. All 

SSC from specimens treated at SBT 350 °C and 320 °C exhibited no distinctive YS. All SSC from temperature 

420 °C exhibited distinctive YS. 

There was increase of YS by 60 MPa by addition 1 wt. % Cu (V0 → V1) and another 50 MPa increase by 

addition of Mn from 1 to 2 wt. % (V1 → V2) for SBT 420 and 350 °C. These increments are slightly higher than 

ferrite solid solution strengthening known for these elements. Much higher increase of YS was measured for 

SBT temperature 320 °C. 90 MPa with Cu addition and further 140 MPa with increased Mn content. It indicates 

possible synergy of Mn and Cu alloying. Mn may affect Cu precipitation, so that Cu precipitates strengthen 

ferrite matrix more effectively. 

4. CONCLUSION 

It was found, that copper precipitates were formed during bainitic transformation and shortly after it. The 

precipitation occurred both in the material with copper and with copper and enhanced manganese content. 

Bainitization was carried out in salt bath at temperatures from 420 °C to 320 °C. Strengthening by additions of 

copper and further addition of manganese were only slightly higher than solid solution strengthening 

expectable from Cu and Mn at used concentrations. High strengthening was observed only at the lowest 

bainitization temperature 320 °C. Addition of 1 wt.% Cu caused YS rise by 90 MPa and it rose for additional 

140 MPa after further 1 wt. % Mn addition. This may indicate that Mn supports Cu precipitation in form which 

strengthens the ferrite more effectively.   
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Abstract 

Testing of material fatigue properties belongs to important material examinations. A standard fatigue 

measurement is mostly a time-consuming and expensive experiment, among others due to a number of 

samples needed. Infrared thermography is a method for a noncontact temperature measurement. 

Thermographic methods can detect small temperature changes caused by transformations between 

mechanical and thermal energy during a cyclic loading. This allows a use of the thermographic methods for 

fatigue testing. This contribution is focused on a development of an online thermographic method for fatigue 

limit evaluation during a sample cyclic loading. A novel 2D approach of fatigue limit evaluation is introduced. It 

brings a pixel wise view, which advantages compared to a standard 1D evaluation are demonstrated. It is 

presented a good correlation of results obtained by a standard Wöhler curve based evaluation and by 

thermographic methods. 

Keywords: Cyclic fatigue, infrared thermography, online evaluation, 2D fatigue limit evaluation 

1. INTRODUCTION 

Fatigue fractures can occur in the material during its long-time cyclic loading, even if the load is below its yield 

strength. The fatigue lifetime depends on a loading force, frequency and time (i.e. number of cycles). There 

are many methods of evaluation of fatigue limit testing. Standard methods calculate with cycles to failure N 

(number of cycles to fracture) and with magnitude of a cyclic stress S (applied load). Thermographic methods 

are based on surface temperature trend evaluation of the tested sample in dependence on applied load and/or 

time. Among basic standard methods belongs method using S-N curve (known as Wöhler curve) [1]. Each 

value of S-N curve is created by one sample measurement. Disadvantage of this method is its time consuming 

character (up to 107 cycles per sample) and usually the need of at least 12 identical samples. 

Thermographic methods have ambitions to shorten the testing time. The change of mechanical to thermal 

energy during the loading leads to temperature increase; the infrared thermography can be used for fatigue 

testing. Original thermographic methods focused on fatigue limit measurement were introduced in 1990’s [2]. 

There it was shown that the temperature of loaded specimens increases at a rate determined by the applied 

load and number of cycles. Two main methods were developed according to previous research [3,4]. 

The Method 1 consists of making various constant amplitude fatigue tests with stresses higher than fatigue 

limit and for its determination uses temperature difference values [3]. The method 1 was used in [5] or [6] for 

standard flat AISI 304 stainless steel sample 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 sample is 

gradually loaded, without interruptions, at different stress levels that are higher than the presumed fatigue limit 

values. Only one sample is used in this case. 
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The Method 2 consists of a stepped loading procedure which starts from loading levels lower than expected 

value of fatigue limit that is obtained as an intersection of a linear approximation of the first and second stage 

of the temperature increase [4]. This method was used for testing of cast iron [7] and XC55 steel [8,9]. 

A lot of modified thermographic methods were developed. An accelerated thermographic method based on 

gradually increasing loading test was introduced in [10] using only 3 samples of X5CrNi18-10 steel. The results 

of thermographic method (12 samples) were compared with standard Staircase method (35 samples), 

standard S-N curve determination method (18 samples) with 5% difference. An iteration method for the 

thermographic determination of fatigue limit in Fe 510 steel sample was presented in [11]. Sample surface was 

homogenized with a thin opaque black paint layer for an increased emissivity before experiment. A reference 

area of interest out of the sample for the mean ambient temperature and the second for the maximal sample 

temperature were defined and their difference was used for evaluation. A high speed IR camera was used for 

analysis of fatigue behavior Co-Cr based superalloy during mechanical fatigue tests in [12]. The average 

temperature from the central part of sample was recorded with frequency of 120 Hz with the aim of capturing 

temperature evolution during one loading period. Robust thermographic data analysis to fatigue limit evaluation 

of various martensitic stainless steels was performed in [13]. A graphical version of Method 2 was used for 

fatigue limit evaluation and data filtering and reference unloaded object with high emissivity sprayed surface 

was presented. Infrared thermography methods for fatigue life prediction of AZ31B magnesium alloy welds 

were used in [14]; lock-in method for fatigue limit of steel welded joint specimen was evaluated in [15]. 

Most of the previous mentioned contributions work with single value as a result of selected area analysis 

(maximal or average temperature) per recorded image. Time evolution of these results in dependence on 

loading stress is subsequently created. In case of stepwise character of loading one temperature value per 

step is calculated with averaging. This time dependent procedure causes that most of the research regarding 

fatigue limit evaluation by infrared thermography has been focused on a measured data post-processing. 

An online 1D evaluation method created at our laboratories based on above mentioned Method 2 was 

introduced in [16]. 2D thermographic method is introduced in this article as an extension of 1D method. One 

value of temperature difference or result of selected area analysis is replaced with a matrix of corresponding 

values of the whole sample and its closest surroundings. The evaluation procedure remains the same as in 

1D with the difference that it is applied to the set of matrices. Therefore the result is a 2D field of values of 

fatigue limits for each pixel belonging to the selected area. 

2. EXPERIMENTAL SETUP AND MEASUREMENT 

Two standardized cylindrical specimens from 15Ch2NMFA steel were used for fatigue measurement. High 

emissivity paint with emissivity value of 0.93 in LWIR range [17] was applied to the central part of samples 
before testing - see Figure 1a). Samples were painted during turning around to avoid of paint splashing.  

A testing device SCHENCK was used for generating asymmetric sinusoidal loading force (R0.1 - min load = 

10 % of max load) with frequency of 10 Hz. The load amplitude for sample 1 started with force of 10 kN/30 kN 

for sample 2 (corresponding to the load of 127.3 MPa; 382.0 MPa) with equidistant step of 2 kN (25.5 MPa) 

up to the rupture. Each loading step took approximately 10 minutes (due to temperature stabilization). 

An uncooled long wavelength (from 7.5 µm to 13 µm) micro-bolometric IR camera Optris PI400 was used for 

the noncontact temperature measurement during sample cyclic loading. It is equipped with FPA detector (Focal 

Plane Array) with resolution of 382 x 288 pixels. The measurement temperature range of the camera is from -

20 °C to 1500 °C; the subrange from -20 °C to 100 °C was used. A telescopic lens with the field of view 13° x 

10° means sensitivity of 0.1 K and accuracy of ± 2 °C or ± 2 %. The minimum focus distance of 50 cm was 

used. The maximum camera framerate is 80 Hz, recording framerate 1 Hz was used as a sufficient frequency 

for this long term measurement (final duration more than 5 and a half hour for sample 1). 
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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. Used samples and the experimental arrangement are shown in 

Figures 1a, b). 

a) b) 

 

 

 

Figure 1 a) photo/sketch (dimensions in mm) of tested specimen - Sample 1,  

b) experimental arrangement 

The experiment starts with settings of all parameters to the RIFT module of the LabIR® software that was used 

for IR measurement and online fatigue limit evaluation. The IR camera recording begins before the first step 

of loading force; each next loading force magnitude was higher than previous with the step of 2 kN without any 

time delays between steps. Two analyzed rectangles were created at the IR image - a smaller one was placed 

on the sample body area for 1D evaluation and a larger rectangle was placed to the sample with its nearest 

surroundings - see Figure 2. 

 

Figure 2 IR image with rectangular areas for 1D and 2D fatigue limit evaluation during last phase of testing - 

applied load of 815 MPa, 840 MPa and 866 MPa just before and after sample failure 

There is clearly seen from the temperature field of the sample at Figure 2 that the temperature increase in the 

last period of the test is relative high. It is reached maximal temperature 33.3 °C with load of 789 MPa, 35.3 C 

with load of 815 MPa, 37.2 °C with load of 840 MPa, 68.6 °C with load of 866 MPa just before rupture (1 s 

before) and 124.9 °C immediately after the rupture (the temperature subrange of the camera is saturated). At 

the other side the exact position of the rupture cannot be predicted from IR images in longer period before 

than a few seconds before the failure. The reflection of heated sample body above and below the sample is 

visible at the upper and bottom jaws cylinder (both of jaws cylinders are without the high emissivity paint, so 

their emissivity value is very low corresponding to the shiny metal surface - see photo of jaws in Figure 1b). 
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3. EVALUATION METHOD 

Determination of fatigue limit was made by three methods - by standard method and by thermographic 

methods in 1D and 2D versions. Evaluation of fatigue limit by standard method using S-N curve was made by 

Research and Testing Institute laboratory in Plzeň. 

1D thermographic method evaluation was made online by the RIFT module of LabIR® software, which was 

developed in our laboratories. The fatigue limit determination is based on the Method 2 mentioned above in 

Sec.1. The procedure of fatigue limit evaluation is same for both samples and it is presented for sample 1. 

A maximum temperature of a selected sample area is evaluated at each time step. A temperature used for the 

fatigue limit evaluation is obtained by an averaging of maximal temperature values in a time interval of about 

1 minute before the end of a loading step. 

The fatigue limit evaluation is based on the stepwise distribution of measured values into two groups - region 

A (loads lower than searched fatigue limit) and region B (loads higher than searched fatigue limit). The 

temperatures in both regions are linearly approximated. The correct distribution to regions A and B is ruled by 

the condition that the highest load in region A is lower than fatigue limit and the lowest load in region B is 

higher than the fatigue limit, that is calculated as intersection of region A and B linear approximation. 

This procedure - dividing into regions and checking of condition fulfilment is made with the software module 

automatically online after each step. The 1D evaluation can be made offline in post-processing due to IR image 

and data recording during the whole experiment too. 

Two-dimensional (2D) thermographic method evaluation was made offline due to high computing 

requirements. A larger analyses rectangular area including surroundings of the sample was created in the IR 

image. Temperatures of each pixel from this area were time-averaged in the same time intervals as in 1D 

evaluation (1 minute before the end of each loading step). The set of matrices was evaluated in the same way 

as points in 1D method. The values out of the sample body were removed due to no physical reason. 

4. RESULTS 

The fatigue limit determined by the previous measurement with standard method (S-N curve) was 464 MPa.  

For thermographic evaluation was considered only data to 687.5 MPa because of the higher loads belong to 

the plastic deformation. In case when more than one distribution to regions A and B fulfils the condition about 

fatigue limit position between regions, the average value of partial results is considered as fatigue limit result. 

The Sample 1 evaluation is shown in Figure 3a) as an example of 1D thermographic fatigue limit 

determination. There are two possibilities of distribution to regions A and B that fulfil the specified condition for 

sample 1 with evaluating loading steps from step number 1 (127.3 MPa) to step number 23 (687.5 MPa). 

The measurement of Sample 2 started with the load of 382 MPa corresponding to the set force of 30 kN, so 

the results around 300 MPa as for sample 1 cannot be reached. But the evaluation of sample 1 can be started 

with the same beginning load as sample 2. Then it gives very similar results (around 500 MPa) as partial results 

for sample 2. This value is more realistic and is in agreement with fatigue limit estimated with standard method 
- see Table 1. 

Table 1 Summary of fatigue limit results evaluated using different methods 

Method / Sample nr. Sample 1 Sample 2 

Standard - Wöhler 464 MPa 

1D thermographic 529.8 ± 13.0 MPa 494.9 ± 20.7  MPa 

2D thermographic 556.9 ± 12.6 MPa 516.0 ± 10.5 MPa 
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The 2D evaluation means that the procedure used in 1D variant described above is used for all pixels of sample 
body (thousands of pixels)- see Figure 3. So it gives the same difficulties as in 1D, especially ambiguity of first 

step of evaluation for sample 1 and the possibility of more than one result of fatigue limit - the condition of 

distribution into region A and B fulfils more than one distribution. The evaluation in 2D is made in the same 

regions as for 1D, so for sample 1 from step number 11 to step number 23 and for sample 2 from step number 
1 to step 13. The results of 2D evaluation are shown in Figure 3b) in the manner that each pixel of sample 

body introduces average value from partial results that fulfil the condition of distribution into regions A and B. 

2D figure of minimal or maximal fatigue limit values can be obtained for pixels, where more than one partial 

result exists, too. 

a) b) 

  

Figure 3 Results of fatigue limit evaluation of sample 1 from step 11 to step 23: a) 1D - measured 

temperature values from step number 1 up to step 23 are distributed to region A(from step 1 to step 8) and 

B(9..23) with result of 314.1 MPa; b) 2D field of average fatigue limit values for each pixel of the sample 

The 2D graphical presentation of each pixel average fatigue limit for sample 1 (Figure 3 b) reach values from 

420 MPa to almost 600 MPa with small areas where the fatigue limit is near to 400 MPa. The picture of sample 

looks quite inhomogeneous; the central part of sample body was evaluated with average fatigue limit values 

from 540 to 580 MPa. 

The results of all methods (standard method using Wöhler curve and 1D and 2D thermographic methods) are 
summarized in Table 1. 

The results of thermographic methods are higher than standard method result. For sample 1 the difference 

exceeds 50 MPa while results for sample 2 are in 10% tolerance to the standard method result. Results of 

thermographic method are comparative each other within the same sample, between samples the sample 1 

reports higher fatigue limit than sample 2. 

5. CONCLUSIONS 

Thermographic measurement was used for two samples fatigue limit estimation during cyclic loading. The 

presented experimental setup includes except of IR camera a thermographic software module for online fatigue 

limit evaluation (1D analysis). 

Fatigue limit was evaluated with three methods - standard and thermographic methods in 1D and 2D version 

that was introduced in this contribution as an extension of 1D method. The results of fatigue limit estimation 

via thermographic measurement were compared with standard method result with good accordance. The 2D 

evaluation as well as 1D evaluation was in the best accordance with the standard fatigue evaluation of the 
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second sample. The results for sample 1 are higher than standard method result. The 2D thermographic 

method of fatigue limit evaluation brings a pixel view to the whole sample fatigue limit testing. 

ACKNOWLEDGEMENTS   

The work has been supported by the Technology Agency of the Czech Republic within the project 
no. TE01020068 and by the Ministry of Education, Youth and Sports of the Czech Republic within the 
OP RDI program, CENTEM project, no. CZ.1.05/2.1.00/03.0088, co-funded by the ERDF; and National 

Sustainability Programme I., CENTEM PLUS project, no. LO1402. 

REFERENCES 

[1] CAMPBELL, F. C. Fatigue and fracture: understanding the basics. ASM International, 2012. 525 p. 

[2] GERACI, A. L., LA ROSA, G., ANTONINO, R. Determination of the fatigue limit of an austempered ductile iron 
using thermal infrared imagery. In Proc. SPIE 2646, Digital Photogrammetry and Remote Sensing ’95. 1995, vol. 

2646, pp. 306-317. 

[3] MORABITO, A. E., DATTOMA, V., GALIETTI, U. Energy analysis of fatigue damage by thermographic technique. 
Thermosense XXIV, International Society for Optical Engineering, 2002, vol. 4710, pp. 456-463. 

[4] LA ROSA, G., RISITANO, A. Thermographic methodology for rapid determination of the fatigue limit of materials 
and mechanical components. International Journal of Fatigue, 2000. vol. 22, no. 1, pp. 65-73. 

[5] GERACI, A. L., RISITANO, A., LA ROSA, G. Influence of frequency and cumulative damage on the determination 
of the fatigue limit of materials using the thermal infrared methodology. In XV Sympozjum Mechaniki 

Eksperymentalnej. Jachranka, 1992, pp. 63-66. 

[6] WILLIAMS, P., LIAKAT, M., KHONSARI, M. M.,KABIR, O. M. A thermographic method for remaining fatigue life 
prediction of welded joints. Materials and Design, 2013. vol. 51, pp. 916-923. 

[7] LA ROSA G., RISITANO, A. Application of a new methodology to determine the fatigue limit using thermal 
infrared techniques. In 17th Symposium on Experimental Mechanics of Solids. Jachranka, 1996, vol. 19, pp. 498-

503. 

[8] LUONG, M. P. Fatigue limit evaluation of metals using an infrared thermographic technique. Mechanics of 
Materials, 1998. vol. 28, no. 1-4, pp. 155-163. 

[9] LUONG, M. P. Infrared thermographic scanning of fatigue in metals. Nuclear Engineering and Design, 1995. vol. 

158, no. 2-3, pp. 363-376. 

[10] LIPSKI, A. Accelerated determination of the fatigue limit and the S-N curve by means of the thermographic 
method for X5CrNi18-10 steel. Acta Mechanica et Automatica, 2016. vol. 10, no. 1, pp. 22-27. 

[11] CURÀ, F., CURTI, G., SESANA, R. A new iteration method for the thermographic determination of fatigue limit in 
steels. International Journal of Fatigue, 2005. vol. 27, no. 4, pp. 453-459. 

[12] WANG, H., DINWIDDIE, R. B., JIANG, L., LIAW, P. K., BROOKS, C. R.,KLARSTROM, D. L. Application of high-
speed IR imaging during mechanical fatigue tests. Thermosense XXII, 2000, vol. 4020, no. 865, pp. 186-193. 

[13] DE FINIS, R., PALUMBO, D., ANCONA, F., GALIETTI, U. Fatigue limit evaluation of various martensitic stainless 
steels with new robust thermographic data analysis. International Journal of Fatigue, 2015. vol. 74, pp. 88-96. 

[14] XIAO-QING, L., HONG-XIA, Z., ZHI-FENG, Y., WEN-XIAN, W., YA-GUO, Z., QIAN-MING, Z. Fatigue life 
prediction of AZ31B magnesium alloy and its welding joint through infrared thermography. Theoretical and 

Applied Fracture Mechanics, 2013. vol. 66-67, pp. 46-52. 

[15] PALUMBO D., GALIETTI, U. Characterisation of steel welded joints by infrared thermographic methods. 
Quantitative InfraRed Thermography Journal, 2014. vol. 11, no. 1, pp. 29-42. 

[16] TESAŘ, J., SKÁLA, J., ŠVANTNER, M. and NOVÁK, M. Online evaluation of material fatigue limit using infrared 
thermography. In METAL 2017: 26th International Conference on Metallurgy and Materials. Ostrava:TANGER, 

2017, pp. 583-588. 

[17] A thermographic paint for IR camera measurement - for common applications | LabIR®. [online]. [viewed 2018-
04-10]. Available from: http://paints.labir.eu/paint/thermographic-paint-for-standard-applications.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

609 

CHARACTERIZATION OF STEEL SHEET PROPERTIES USING MICRO-TENSILE TEST AND 
DIC METHOD 

Pavel KONOPÍK 1, Jan DŽUGAN 1, Martin RUND 1, Radek PROCHÁZKA 1 

1COMTES FHT a.s., Dobřany, Czech Republic, EU, 

 pavel.konopik@comtesfht.cz 

Abstract 

Many parts for automobiles and home electric appliances are made of steel sheets. In sheet metal forming 

processes, the knowledge of technological values, such as yield or tensile strength and r-value, enables 

a more precise control of processes and results in many benefits such as an improvement in yield efficiency 

in machining processes and a decrease in loss of material. The current paper shows the possibility of the 

determination of all considered properties with the use of the Micro-Tensile Test (M-TT) technique. Previously 

developed and verified testing procedure of M-TTs for bulk materials is applied here for DC01 steel sheet 

characterization. To assess the applicability of M-TT for sheet characterization, standard and M-TT tests were 

performed in 3 orientations: 0°, 45° and 90°. Moreover, for thickness influence evaluation, micro-specimens 

were machined with several different thicknesses. 

Keywords: Micro-Tensile Test, Digital Image Correlation (DIC), anisotropy, r-value 

1. INTRODUCTION 

Sheet-metal forming processes are technologically among the most important metalworking processes. 

Products made by sheet-forming processes include a very large variety of geometrical shapes and sizes, from 

simple bend to double curvatures even with deep recesses and very complex shapes [1]. Typical examples 

are automobile bodies, aircraft panels, appliance bodies, kitchen utensils and beverage cans. Sheet-metal 

forming processes are widely used in the manufacturing industry. To achieve a successful deep drawing 

process, a study of the stress-strain and anisotropy behavior of the sheet metal to be used is inevitable. The 

basic and necessary test for sheet material characterization is the quasi-static tensile test with the 

determination of the plastic strain ratio known as r-value. This test is very well established for the standard 

specimen size and standards cover both testing procedures [2] and evaluation [3]. However, in many cases, 

it is not possible to produce standard sized tensile specimens (evaluation of anisotropy of thin-walled tubes) 

or knowledge of local properties is required (FEM models verification). Such an FEM model can be verified 

e.g. by the evaluation of local ductility of sheet in the processed component and the results can be confronted 

with the FEM model prediction for the same location. A number of techniques have been developed to obtain 

mechanical properties from sub-sized specimens [4-7]. These include specimens that are either miniaturized 

versions of their full-scale counterparts or specifically designed disc specimens of small dimensions. One of 

the most used methods is the Small Punch Test (SPT). The SPT is widely used, but its application is 

traditionally bound with the necessity to know correlation parameters which, furthermore, are not valid 

generally but for a specific material only [8]. Therefore, previously developed testing procedure of the Micro-

Tensile Test (M-TT) is suggested here for anisotropy evaluation. The advantages of the M-TT are very low 

requirements on the experimental material volume and the possibility of local properties determination, even 

from real components (with subsequent life time evaluation of the components). The performance of micro-

tensile tests (M-TT) for bulk materials characterization has been successfully shown in [9-13] and the 

corresponding elongation calculation for shorter gauge length than is required according to [2] was suggested 

in [14]. In this paper, the M-TT application for tensile technological value and r-value determination of sheets 

is investigated. During the sampling from components with very complex shapes, the M-TT specimen can be 
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expected to obtain lower thickness than is initially used in sheet. Therefore, the M-TT was machined to achieve 

different thicknesses for indicating thickness effects on tensile results including r-value.  

2. EXPERIMENT - TENSILE TEST 

Tensile tests were performed on flat samples made of DC01steel sheet according to standards [2,3]. The 

original sheet thickness was 1.5 mm. Standard size specimens with a thickness of 1.5 mm and the geometry 
according to Figure 1a were milled as a stock of 10 specimens. M-TT specimens, with the geometry according 

to Figure 1b and thicknesses of 0.2 mm and 0.5 mm, were machined from the middle part of the sheet by 

spark eroding of the specimen silhouette and grinding to the final thickness. M-TTs specimens with a thickness 

1.5 mm were not grinded at all.  

      
            (a)                (b) 

Figure 1 Tensile test specimen geometry: (a) Standard geometry; (b) M-TT geometry 

Standard specimen orientations were considered for both specimen geometries: longitudinal direction 0°, 

diagonal direction 45° and transverse direction 90°, related to the rolling direction. Testing was carried out with 

the use of the MTS servo-hydraulic testing system with the capacity of 25 kN for standard sized specimens. 

M-TT specimens were tested on a small size testing system with a linear drive with the load capacity of 5 kN. 

All tests were executed at room temperature and the strain measurement was achieved with the use of a 

Mercury RT Digital Image Correlation system (DIC). Three specimens per condition were tested for all 

considered cases. Quasi-static tensile tests were carried out for both specimen geometries and all sampling 

directions for comparison of the results obtained from standard size and M-TT specimens. On the basis of 

these tests, r-value was subsequently evaluated. Specimen designation consists of specimen geometry 

(Standard or M-TT), specimen orientation and the specimen thickness in mm. Representative tensile curves 
obtained for standard specimens and M-TT with thickness of 0.2 mm are shown in Figure 2. Evaluated tensile 

properties are graphically depicted in Figure 3. 

  

           (a)                (b) 

Figure 2 Tensile test record: (a) Standard geometry; (b) M-TT geometry, thickness 0.2 mm 
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                    (a)                     (b) 

 

                    (c)                    (d) 

Figure 3 Tensile test results: (a) Rp0.2 - proof strength; (b) Rm - tensile strength; (c) A50mm/A4mm - percentage 

elongation after fracture of Standard/M-TT specimen; (d) Ag - percentage plastic extension at maximum force 

3. PLASTIC STRAIN RATIO 

Plastic strain ratio known as r-value is one of the key parameters in the metal sheet forming [15-19]. R-value 

is defined as ratio of true plastic thickness strain to true plastic width strain according to Eq. (1). 

a

br
ε
ε

=                 (1) 

The measurement for the plastic strain ratio de-termination was done with the use of continuous strain 

measurement by DIC system ARAMIS and automatic method describe in [3] can be used.  

The plastic strain ratio was determined from the measured data with the use of equation 2: 

L � �ÃK
D	 ÃK

               (2) 

Where mr is determined from the linear regression fit between the lower limit (2 %plastic strain) and the upper 

limit (5 % plastic strain) through the origin (see Figure 4; X- True plastic length strain; Y- True plastic width 

strain; 1 - lower limit; 2 - upper limit; 3 - origin; 4 - linear regression between the lower limit and upper limit 

through the origin). Longitudinal (εl) and transverse (εb) true plastic strains are calculated according to 

equations (3) and (4). 
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Figure 3 Relationship between true plastic width strain and true plastic length strain [3] 
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where: 
Le Extensometer gauge length (mm) 
b0 Original gauge width (mm) 

∆L Instantaneous elongation/ extension of the measurement base (mm) 

∆b Instantaneous width elongation (mm) 

F Force (N) 

S0 Original cross-section area (mm2) 

υ Poisson constant (-) 

mE Young modulus (MPa) 

Table 1 Tensile test results including r-values  

Specimen 
Rp0.2 Rm Ag A50mm / A4mm Z r2-5 

(MPa) (MPa) % % % --- 

M-TT_0°_0.2 158.4 238.8 15.8 34.8 58.4 2.03 

M-TT_0°_0.5 174.6 283.7 17.9 50.2 78.2 2.06 

M-TT_0°_1.5 189.7 292. 20.9 56.6 81.6 2.04 

Stand_0°_1.5 189.3 297.2 24.2 42.1 65.7 2.15 

M-TT_45°_0.2 167.5 269.7 16.8 32.0 51.8 1.20 

M-TT_45°_0.5 178.6 302.8 212 41.9 72.6 1.21 

M-TT_45°_1.5 192. 303.5 21.7 58.2 85.6 1.20 

Stand_45°_1.5 199.8 310.8 23.2 42.3 41.8 1.19 

M-TT_90°_0.2 157.1 228. 17.9 36.4 54.8 2.20 

M-TT_90°_0.5 168.2 287.0 22.8 50.9 81.5 2.24 

M-TT_90°_1.5 182.5 284.1 26.0 60.4 85.9 2.36 

Stand_90°_1.5 190.2 292.7 23.0 45.4 66.7 2.50 
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4. RESULTS AND DISCUSSION 

Standard technological tensile properties were determined according to [2] and r-values for the plastic strain 
range of 2 - 5 % were evaluated according to [3]. Table 1 summarizes the average values from all performed 

tests. 

Overall, the agreement ranged from acceptable results to excellent results. The biggest differences were seen 

in the stress-strain curves obtained from M-TT specimens with 0.2 mm in thickness, where the most significant 

deviation was measured in respect of Rp0.2 and Rm. This can have several causes. Firstly, machining and 

handling with a specimen 0.2 mm thick is challenging and surface finish could possibly have a big influence. 

Furthermore, the specimens were taken from the middle part of the sheet where the material can be softer 

than material near to the surface. On the other hand, excellent results were obtained for plastic strain ration 

for all tested M-TT thicknesses and all directions. Trends obtained here for this parameter are in agreement 

with those published in [16-20]. 

5. RESULTS AND DISCUSION 

The paper presented here successfully shows the possibility of metal sheet characterization for forming 

processes with the use of miniaturized tensile specimens. Generally, very good agreement was found for all 

considered parameters and conditions between the results attained with the use of standard and M-TT 

specimens. Slight discrepancies between results from M-TT and standard size specimens can be assigned to 

sampling location of the M-TT specimens in the middle of the sheet thickness, where small material behavior 

deviation from near surface properties can be expected. Further investigations are planned to assess the 

influence of the M-TT specimen localization within the sheet thickness. 
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Abstract 

Possibility of FeSiCr alloys production, with low content of carbon, in industrial conditions depends upon 

various factors like temperature of the solution, refining time, chemical compositions and others. In order to 

identify the evolution and behavior of solid inclusions in the solution, laboratory tests for alloys at high 

temperatures of 1400-1500 °C have been carried out. For identifying the trajectory of inclusions, numerical 

simulations, in industrial conditions, have been performed for velocity and temperature distribution in a ladle 

furnace. Microscopy identification of selected inclusions, important from industrial refining viewpoint, has also 

been performed. The paper summarizes results of theoretical calculations and laboratory tests for ultra low 

carbon (ULC) FeSiCr alloys.  

Keywords: Metallurgy, FeSiCr-alloys, refining in ladle, numerical simulation, temperature, velocity profile 

1. INTRODUCTION 

The ferroalloys of the highest purity are desirable in the steelmaking processes. Hence, there are the need to 

manufacture ferroalloys with low carbon, nitrogen, oxygen and phosphorous content. This applies also to the 

ferrosilicochrome (FeSiCr) alloys. In this article, attention was paid to the analysis of the phenomenon of solid 

precipitates in the form of carbides in the liquid solution of FeSiCr. In industrial conditions, these alloys are 

produced in an arc-resistance furnace where the obtained carbon level is relatively high. The possibility of 

lowering the carbon content in the alloy occurs only in the refining ladle, outside the furnace [1]  

The process of carbon removal in the form of carbides from the alloys as a result of refining (flotation) process 

enables obtaining an alloy with a very low final carbon concentration. The heterophasic analysed system forms 

a suspension composed of a liquid (solution of ferroalloy) and precipitates (mainly compounds of silicon and 

chromium, like carbides, nitrides and probably in a small amount oxides). There is little possibility of removing 

nitrogen from the liquid solution in the form of nitrides. However, precipitation and flotation of carbides is 

possible [1, 3-7]. 

1.1. Phenomena of floating  

For spherical particles Ψ = 1, and for non-spherical particles Ψ <1. More irregular the shape of the particle 

lower is the value of Ψ. The value of sphericity, for particles of different shape, is given in literature, e.g. [2]. 

Flotation is an effective method of separating light particles from liquids in a heterogeneous system. It uses 

the difference in density between a particle or particle attached to a gas bubble (if gas is used) and liquid in 

which they are suspended. Due to this, the phenomenon of separation can occur. If agglomerates have a lower 

density than the medium in which they are suspended, they float up to the surface (floating), if they have a 

higher density - they settle down (sedimenting) [3, 6]. 
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2. RESEARCH RESULTS 

In order to identify the shape and size of solid carbide precipitates, laboratory tests were carried out for the 

FeSiCr solution saturated with carbon in the temperature range of 1400-1500 °C. In the first stage, the ULC 

alloys of FeSiCr were melted in an induction furnace in a closed graphite crucible and then the carburisation 

process were carried out to achieve the assumed carbon concentration. However, tests of the refining time of 

alloys were carried out in a resistance chamber furnace in the alund type crucibles in a protective atmosphere 

- argon. An alloy with a following chemical composition was used (wt. %): 46.2 Si; 34.3 Cr; 17.9 Fe; 0.114 C. 

Such chemical composition is similar to the composition obtained immediately after the tapping from the 

electric arc-resistance furnace in industrial conditions. 

In the second stage, analysis of the shape and size of carbides and nitrides precipitates using the scanning 

electron microscope EDS (backscattered electrons BSED) was performed. A chemical analysis was also 
carried out at the point using the micro probe. In Figure 1 solid carbide inclusions from the solution are 

presented. 

 
a) 

 
b) 

Figure 1 Image of solid carbide precipitates: a - a single particle (SiC); b - the agglomerate of solid  

particles of SiC 

Figure 1a shows a single particle (SiC), while in Figure 1b, the agglomerate is in the form of clusters of 

individual solid particles. The solid carbide precipitates from the solution presented in Figure 1 have the 

following chemical composition (wt. %): 18.15 C, 0.35 O, 0.42 Na, 0.95 Al, 78.38 Si, 0.05 P, 0.18 S, 0.97 Cr, 

0.32 Fe. As can be seen from the chemical analysis presented above, there are two main elements: silicon 

and carbon. This proves that these precipitates are silicon carbides SiC. 

The shape of a single particle as well as the agglomerate (clusters of individual particles) is rather regular, 

close to spherical. The size of the particles and clusters ranges from 30 µm to 200 µm. 

3. CALCULATIONS 

Movement of solid particles in a liquid by flotation is described by the same equation as the phenomenon of 

sedimentation, but with the opposite direction of forces acting on a solid particle. The basic equation used in 

flotation, as in processes controlled by gravity, is the Stokes law (in the laminar flow range), which is used to 

determine the movement intensity of bubbles, agglomerates or aggregation. The rate of movement of particle 

suspended in the liquid is determined by the Stokes equation (1): 
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           (1) 

The modified equation (2), taking into account the shape of the flotating (or sedimenting) particle is as follows: 

*34 � &
Z ∙ I�|�±ÆÑ�6��7�±ÆÑ��8�

η
∙ 90,843Ç�� ³ Ψ

f,f�e´:       (2) 

where:  

Ψ - shape factor (for non-spherical < 1),  

ρsolvent - density of liquid (solvent),  

ρsolid - density of solid,  

η - viscosity of liquid,  

r - radius of silid.  

Based on equation (2) the rates of motion of solid particles in the liquid were calculated. The following 

assumptions have been made. The liquid in which the flotation (or sedimentation) occurs is FeSiCr solution 

with specific density ρsolution = 4.688 g/cm3. The dynamic viscosity coefficient of the solvents varied in the range 

ηsolvent = 0.001 − 0.0023 Pa·s. 

Based on the results of laboratory tests, it was assumed that precipitated from the FeSiCr solution and flowing 

particles are silicon, iron and chromium carbides or nitrides. 

The calculations of the average time of movement of the precipitated particles were made, assuming the height 

of the liquid metal is 140 cm. This assumed height is also a distance used in industrial practice to overcome 

the considered non-metallic inclusions. Taking into account the shapes and sizes of non-metallic inclusions 
obtained during laboratory tests, shown in Figures 1a) and 1b), the following assumptions were made for 

calculating the movement of particles in liquid FeSiCr: 

 particle shape Ψ = 0.85 − 1.0 

 particle diameter d = 0.004 − 0.04 cm. 

In Tables 1 there was shown the calculated values of critical flotation times (Table 1) and sedimentation time 

(Table 2) for solid particles precipitated from the liquid alloy of FeSiCr.  

Negative values should be treated as an absolute value of the average sedimentation time; the minus sign "-" 

indicates only the opposite return during the particle's motion - sedimenting to the bottom of the ladle. It should 

be noted that the particles that will move towards the bottom (sedimenting) are mainly chromium compounds 
(Table 2) [4, 5]. Whereas flotating elements are primarily silicon compounds (Table 1). It is also evident that 

the times of descent (sediment) have time values greater than the flotation times. 

Table 1 The simulation results of solid particle flotation time in liquid alloy of FeSiCr 

Viscosity 
„SiC” „SiN” 

Ψ = 0.85 0.9 0.95 1.0 Ψ = 0.85 0.9 0.95 1.0 

Pa·s Floating time (min) Floating time (min) 

0.0010 86.49 88.41 90.23 91.89 101.95 104.21 106.36 108.31 

0.0015 129.74 132.62 135.35 137.84 152.92 156.32 159.54 162.47 

0.0018 155.69 159.15 162.42 165.41 183.50 187.58 191.44 194.97 

0.0020 172.98 176.83 180.47 183.79 203.89 208.43 212.72 216.63 

0.0023 196.96 201.34 205.48 209.26 232.16 237.32 242.20 246,66 
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Table 2 The simulation results of solid particle sedimentation time in liquid alloy of FeSiCr 

          Viscosity 
„Cr3C2” „Cr2N” 

Ψ = 0.85 0.9 0.95 1.0 Ψ = 0.85 0.9 0.95 1.0 

Pa·s Settling time (min) Settling time (min) 

0.0010 -104.97 -107.31 -109.52 -111.53 -60.24 -61.58 -62.85 -64.00 

0.0015 -157.46 -160.96 -164.27 -167.30 -90.36 -92.37 -94.27 -96.01 

0.0018 -188.95 -193.16 -197.13 -200.76 -108.43 -110.85 -113.13 -115.21 

0.0020 -209.95 -214.62 -219.03 -223.06 -120.48 -123.16 -125.70 -128.01 

0.0023 -239.05 -244.37 -249.39 -253.98 -137.18 -140.23 -143.12 -145.75 

The exemplary results are presented graphically in Figures 2 a) and b) 

 
a) b) 

Figure 2 Change in the average time of flotation of solid particles as a function of the change in the dynamic 

viscosity of the solution: a) - for SiC, b) - for SiN 

As can be seen from the lines shown in Figure 2a), the change in the average flotation time of the inclusions 

depends strongly on the dynamic viscosity of the solution (solvent) from which the solid particles are 

precipitated. With increasing viscosity (with lowering the temperature of the liquid alloy) the time of floatation 

for the inclusions to reach to the surface is almost three times longer. As can also be seen, the shape of 

inclusions is important, but there is no such a significant change in the floatation time (the changes are from a 

few to several dozen minutes). One can also see the difference in floatation time depends on the type of 

inclusions i.e. carbide or nitride. Silicon carbide will float faster to the upper surface of liquid alloy.  

From the presented test results and simulations, the mean time of floatation of solid solid particles (carbides 

and silicon nitrides) varies from 86 to 246 min. depending on its shapes, type and liquid (solvent) viscosity. 

However, the time of sedimentation is significantly different for carbides and nitrides of chromium. For 

chromium carbides as well as silicon nitrides - it is longer in the case of chromium nitrides and silicon carbides 

- it is shorter. 

4. COMPUTER SIMULATION 

An attempt has been made to simulate this industrial process. Usually in the industry, they leave the ladle for 

some time to settle/remove the inclusion after the refining process. For the same conditions, the calculations 

of inclusion removal have been described in the previous section. In the calculation section 3, using the simple 
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Stokes equation the prediction of inclusion/particle flotation/settling time is made considering the industrial 

ladle condition. However, that does not take into account the liquid alloy velocity which could be there due to 

natural convection when the ladle is left for half an hour or so to settle down the inclusions/particles. In order 

to know the liquid alloy velocity in the ladle, computer simulations have been carried under simplfied industrial  

conditions and described below. 

The typical computational domain is shown in Figure 3. Ladle 

has been considered taperd in cylindrical shape with axi-

symmetry having liquid (FeSiCr alloy) height 140 cm, lower 

radius 65 cm and upper radius 70 cm. The liquid alloy 

temperature at the top and bottom of the ladle has been 

assigned 1773 K and 1663 K respectively. For simplification, 

the side wall temperature condition of the ladle has been taken 

as an average of top and bottm temperatures of the liquid i.e. 

1663 K. Standard Navier-Stokes equation for natural 

convection coupled with temperature equation have been 

considered along with the continuity equation [7]. Atmospheric 

pressure has been considered at the top of the liquid. Using 

the upwind scheme, the governing equations along with the 

boundary conditions have been solved sequentially using the 

commercial CFD solver ANSYS Fluent [8]. Stable transient 

solutions are obtained with relatively small time steps, typically 

1 × 10−6 s. In the present model, quad-map 0.001 mm strong 

grid cluster was used along the central line (axi-symmetry) of ladle and grid size of 0.1 mm was used away 

from the central line of the ladle. The convergency criterion for continuity, X-direction and Y-direction velocity 

and energy were 10−6. 

Figure 4 shows a typical temperature distribution profile in the ladle for the given conditions. It is clear that a 

good temperature gradient exists within the ladle which can certainly induce the natural convection (by density 

difference of liquid alloy with temperature) in liquid alloy and can set the liquid in motion. 

 

Figure 4 Liquid alloy temperature distribution (K) in the holding ladle. 

 

Figure 3 Computational domain with 

boundary conditions to simulate ladle 

furnace 
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Figure 5 shows the velocity profiles of the liquid alloy FeSiCr in the ladle. Indeed, one can clearly see that at 

some locations, the liquid velocity has reached upto 15 cm / s which is quiet substantial. Therefore, Stokes 

equation will not be able to give the correct time of removal of inclusions/particles in the ladle. In order to get 

the correct settling time one has to take into account the liquid motion inside the ladle.  

 

Figure 5 Liquid alloy velocity distribution (m/s) in the holding ladle 

Depending upon the location of the inclusions inside the ladle, the liquid motion either can assist its removal 

in less time than predicted by Stokes equation or may retard its motion/removal and may thus increase the 

removal time. This point is illustrated in another simulation where particle trajectory has been captured using 

Lagrangian Particle Tracking Method [8], which solves a transport equation for each inclusion as it travels 

through the previously-calculated constant liquid alloy flow field. The following properties of the liquid alloy 

have been considered in this simulation: viscosity = 0.001 Pa s; denstiy of SiC = 3.217 g / cm3; diameter of 

SiC inclusion = 0.04 cm and spherecity = 1. 

 

Figure 6 Typical SiC inclusion trajectory in the holding ladle 

Results are shown in Figure 6. Particle/ inclusion is injected closer to the bottom (in the medium liquid velocity 

region) and is carried away by liquid towards the top. In this condition, liquid is assisting inclusion to float and 

brings it up at the top. Total time it takes is about 82s (1.37 min). Time predicted by Stokes equation under the 

similar condition is about 100 s (1.67 min) which is about 20 percent higher than the simulated results. This is 

due to ignoring the effect of liquid motion.  
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5.  SUMMARY 

As results from the obtained test results and simulations, solid particles or their agglomerates with the smallest 

diameter can flow to the surface of the solution, exceeding the real time of the technological operation. The 

largest solid particles, separated or coagulated, need significantly less time to float. Medium size particles have 

a chance to float to the surface depending on the temperature, chemical compositions and dynamics of the 

system. The smallest particles are not able to flow up by gravitation from the liquid under the described 

conditions and will remain in the liquid. Simplified computer simulation results, under the industrial condition, 

show that when the ladle is in holding position in case refining operation the would be substantial liquid motion 

inside the ladle due to natural convection effect. This can influence the inclusion floating or settling time 

substantially and must be taken into account when deciding for the holding time of ladle to minimize amounts 

of the solids/particles. 
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Abstract  

Non-seismically designed existing reinforced concrete (RC) structures are susceptible to any thermal effect. 

Indeed, difficulties arise even more in understanding the performance of buildings in fire due to the inherent 

complexity in the behavior of composite materials at elevated temperatures. This paper deals with the 

determination of mechanical properties of hot rolled structural steel under thermal effect. A focus on the 

influence of the passive fire to the structural steel is thus provided. The specimens were firstly heated up to a 

certain level of temperature (i.e. in a range of 300-700 °C) and then cooled down to room temperature. After 

that, the dog-bone shape steel tensile test samples were taken from reinforcing bar of RC bond-slip specimens 

complying with RILEM test method. Dependence of the heating and cooling rate on mechanical properties of 

S275 type smooth reinforcing steel was identified by either destructive or non-destructive testing methods. 

Two different techniques including their pros&cons and difficulties in implementing the tests were therefore 

closely compared. Moreover, major parameters characterizing the behavior of the steel samples exposed to 

the aggressive fire were compared with the control ones. It is found that not only the ductility in the fire-exposed 

specimens was essentially different from the ones at ambient temperature but also the deterioration in yield 

and ultimate strength was considerably affected. 

Keywords: Fire, destructive, non-destructive, elevated temperature, tensile test 

1. INTRODUCTION 

A considerable amount of existing substandard RC structures are vulnerable to high or even moderate thermal 

effects. Those can simply actuate the global failure mechanism, which brings the requirement to examine the 

performance of substandard members in the fire. A special attention should therefore be given to the 

substandard RC members exposed to aggressive fire. Moreover, the dependence of the heating and cooling 
rate on material mechanical properties should be identified by the available testing methods. There are several 

literatures investigating the global response of the reinforced concrete members under thermal effects [1-5]. 

Studies are also available regarding the behavior of steel after temper treatment [6-9]. 

Studies on the performance of buildings in fire reveal that further developments are still needed due to the 

inherent complexity in the behaviour of composite materials at elevated temperatures. Therefore, the effect of 

passive fire at material level should be revealed. In this paper, the mechanical properties of hot rolled structural 

steel (i.e. S275 type smooth reinforcing bar) under thermal effect were examined. For this reason, the 

reinforced concrete bond-slip test specimens constructed according to EN 10080:2005 [10] were firstly heated 

up to a certain level of temperature (i.e. in a range of 300-700 °C). Then, samples for destructive and non-

destructive testing were taken from the reinforcing bar. After that, steel samples were machined to the desired 
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shape and dimension for both tensile and non-destructive tests. Finally, major parameters characterizing the 

response of the test samples exposed to the aggressive fire were compared with the control ones.  

Within the framework of this study, basic premises can be summarized as follows (i) investigating the behaviour 

of S275 type smooth reinforcing bar under aggressive fire by destructive and non-destructive methods (ii) 

comparing two different testing methods with their advantages & disadvantages and also the difficulties in 

implementing the tests (iii) investigating the effect of elevated temperature and cooling regime on strength and 

ductility parameters. 

2. EXPERIMENTAL PROGRAM 

The bond-slip test specimens were exposed to passive fire in a furnace. The influence of different temperature 

levels such as 300, 400, 500, 600 and 700 °C was investigated at material level by four steel samples taken 

from reinforcing steel of RC specimens. The heating and cooling regime were different than the available heat 

treatment techniques. The application of fire was intended to be in agreement with ISO 834-1 [11], which 

considers a rapid increase in the temperature with time and then, a rather slow increment was assumed after 

a specific value. However, the furnace was not capable of heating so rapidly. Hence, the target temperature 

value was reached later than the expected time. Moreover, unlike the proposed heating regime in the 

corresponding standard, the temperature was kept constant for 2 hours in some test series after reaching the 

peak value. Thus, the duration effect was taken into account. The temperature of 1049 °C that will be reached 

in 2 hours is given as a maximum value in ISO 834-1 [11]. However, the concrete specimens could not keep 

their integrity after 700 °C. It is due to use of very low strength concrete, which results in rapid strength 

deterioration at high temperature. Therefore, the temperature of 700 °C was selected as a maximum target 
value during heating. The heating and the cooling regime are visually presented in Figures 1a, b. 

  
(a) (b) 

Figure 1 Heating and cooling regime (a) fire exposure time 0 mins (b) fire exposure time 120 mins 

The samples for destructive and non-destructive tests were taken from reinforcing bar of RC specimen as 

mentioned earlier. Four tensile test samples, after which they were machined to dog-bone shape, were tested 

for each temperature level. The tensile tests were performed in accordance with ASTM E8/E8M-13a [12]. Note 

that, samples were machined to the desired shape according to the corresponding standard. The speed of the 

tests was selected as 0.5 mm / min, which is in the given range of ASTM E8/E8M-13a [12]. 

Metallographic analysis of the tested steel was performed on pieces which has 4 mm thickness and cut from 

the cross-section of bars. Pieces for metallography were prepared by standard metallographic techniques such 

as, moulding, grinding, polishing and etching (5 % Nital). After revealing the microstructure of each temper 

treated sample, the hardness tests were performed on the same samples. The hardness test was conducted 

according to Vickers Hardness test method [13]. The Vickers indenter has pyramidal geometry. This indenter 
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was applied to the surface about 49 N (HV5) for 10 seconds. After completion of loading, the HV number is 

determined by the ratio of F/A, where F is the force applied to the indenter and A is the surface area of the 

resulting indentation in square millimeters. Moreover, the photographs of the crack surface were taken in the 
damaged samples to provide more detailed information (Figure 2). 

                             
(a) (b) 

Figure 2 Fracture surface (a) top view (legend 1mm) (b) side view (legend 3mm) 

  
(a) (b) 

 
(c) 

Figure 3 Change in the mechanical properties (a) yield stress (b) ultimate stress (c) ultimate strain (d) 

elastic modulus 

3. RESULTS AND DISCUSSION 

The consistent outcomes of the steel tensile tests are summarized in Table 1 and Figures 3a, c. The strength 

deterioration was not very significant up to certain level of temperature. A significant drop in the ultimate stress 

was observed at 700 °C. As exposure time increases, the gap in the stress with respect to control ones 

increases even more at the same temperature levels. A similar trend was also observed for the yield stress at 
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700 °C, while no considerable deterioration in the yield strength was observed for the temperature levels lower 

than 700 °C. The response quantities related to elongation were dramatically increased especially after 500 °C. 

Those are approximately in the range of 20-30 % for different temperature levels. To conclude, heating/cooling 

regime affected the strain parameters intensely. The strength properties in the fire-exposed samples were 

rather different than the ones stored at ambient temperature. 

The yield and the ultimate tensile strength of the tested steels can be estimated by using Vickers hardness 

values with the suitable relationship. Pavlina and Tyne [14] propose the following empirical formulas for 

estimation of yield and tensile strength. 

σu= 9 H

2.9
: ³ n

0.217
´

n

 
(1) 

σy= 9H

3
: �0.1�n 

(2) 

where:  

σu - the ultimate tensile strength (MPa) 

σy - the yield strength (MPa) 

H - the Vickers Hardness (kgf/mm2) 

n - the strain hardening exponent (-) 

In these equations, the strain hardening exponent value, n, varies from 0.19 to 0.26 for structural low carbon 

steels [15] and n was chosen as 0.23.  

Hardness is a measure of material resistance to localized plastic deformation. The hardness values generally 

decrease with increasing temperature. The reason for this behaviour is the stress relief annealing process. 

The temperature interval for annealing of ferrous alloys is valid especially in the specimens exposed to fire 

above 500 °C. If the specimens were held there for a sufficient period, the stress relaxation mechanism would 

be activated and result in increasing softness and ductility. The same hardness value as observed in the control 

one is obtained only for “500_t0” sample while the rest is dramatically different. The discrepancy in the results 

could be attributed to the heterogeneity of the tested specimen during production or internal inclusions. When 

the converted strength parameters obtained from hardness tests, results were closely compared with 

destructive testing, a good agreement especially in the ultimate strength was found for each temperature level. 

Those relevant to yield strength are always underestimated with respect to tensile test results which makes 

the prediction of the results challenging. Nevertheless, estimating the strength parameters with less error and 

without destructing the samples provides great benefits such as minimization of time, labour work and cost. 
All experimental results are summarized in Table 1. 

         

Figure 4 Microstructure at (a) room temperature (b) 600 °C 
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Table 1 Summary of experiment results 

Sample Description Hardness Tensile Test 

 Heating 

(oC) 

Fire 
Exposure 

Time  

(mins) HV5 

Converted Strength* 

E 

(GPa) 

Strength Strain 

σy  

(MPa) 
σu 

(MPa) 

σy  

(MPa) 

σu 

(MPa) 

εo 

(%) 

εu 

(%) 

Control N/A 137.7 265 472 202 347 466 19.7 39.3 

300_t0 300 0 133.6 257 458 208 350 478 20.6 39.8 

400_t0 400 0 134.4 259 461 207 352 480 20.5 39.9 

500_t0 500 0 138.2 266 474 207 342 472 20.9 46.9 

600_t0 600 0 133.0 256 456 201 344 473 20.4 46.2 

700_t0 700 0 126.3 243 433 204 330 456 22.1 53.4 

300_t120 300 120 134.3 259 460 199 345 472 20.0 41.9 

400_t120 400 120 133.2 256 457 198 336 467 21.8 51.4 

500_t120 500 120 127.5 246 437 201 341 473 21.4 51.8 

600_t120 600 120 128.8 248 442 205 334 458 21.3 49.9 

700_t120 700 120 122.7 236 421 211 315 426 21.1 51.6 
* Yield and Ultimate values were obtained in a relation between hardness test and strength as presented by Pavlina and Tyne [14] 

σy: Yield stress 
σu: Ultimate stress 

E: Elastic modulus 
εo: Strain corresponding to ultimate stress 

εu: Ultimate strain 

The microstructures of each tested steels were captured, however, no significant change in the microstructure 
of the samples was observed since all samples were cooled at a slow cooling rate. Figures 4a, b show 

representative microstructure of S275 steel for temperature level 600 °C. As it can be visually seen in the 

corresponding figure, microstructure consists from typical ferrite and pearlite.  

Macro photos of fracture surfaces in all tested samples were also taken for both top and side views. All of the 

tested specimens displayed a ductile response which positively affected the fracture characteristics. The taken 
photos of the representative cracked surface were presented in Figures 2a, b in the loading direction and the 

perpendicular direction to the loading direction (side view of the samples), respectively. The surface of the 

damaged sample had a moderate amount of necking and it was almost represented by cup and cone fracture 

characteristics. In the central region, which has an irregular and fibrous appearance, plastic deformation is 

clearly apparent. In outer side of the fracture surface, shear lips with an angle of 45° can be seen in  
Figures 2a, b. This angle represents the direction of maximum shear stress that causes shear lip in the final 

stage.  

4. CONCLUSION 

This study sets out an investigation of change in the mechanical properties of S275 type reinforcing steel after 

the aggressive fire. The steel samples, which were taken from the existing reinforced concrete specimen, were 

heated up to certain levels of temperature (i.e. 300-700 °C). Mechanical properties of reinforcing steel were 

determined by either destructive or non-destructive testing methods. After testing the steel samples, it is found 

that the strength parameters such as yield and ultimate strength were adversely affected by the increasing 

temperature. A considerable amount of strength deterioration was therefore observed. The deterioration was 

not only observed in the tensile test, but also a similar trend in the strength deterioration was found by the non-

destructive method. Note that, the strength parameters were calculated through an empirical formula which 
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converts hardness test results to yield and ultimate strength. Moreover, the elevated temperature resulted in 

an enhancement of the ductility properties. To conclude both the ductility and strength in terms of yield and 

ultimate strength in the fire-exposed specimens were essentially different from the ones stored at ambient 

temperature. 
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Abstract  

In this study the effect of notch angle on fracture toughness (KIC) of AISI 4340 steel is investigated by using 

circumferentially notched bar method. The specimens have three different notch angles 45°, 60°, 75° and 

specimen diameters (D) - notch diameters (d) ratio (D / d) keep constant as 1.2. The purpose of the study is 

determining the effect of notch angle on fracture toughness. Moreover, it shows the advantages of using 

circumferentially notched bar specimen for fracture toughness determination of metallic materials. The 

obtained fracture toughness values for different notch diameter are compared with the literature. The result 

shows that the notch angle has significant effect on the value of fracture toughness (KIC). 

Keywords: Fracture, fracture toughness, fracture mechanics, circumferentially notched round bar 

1. INTRODUCTION 

High strength steels such as AISI 4340 is material used widely in modern aircraft structure, particularly in 

critical applications such as undercarriages. These steels achieve their strength at the expense of toughness, 

and as a result, any damage which promotes crack development and propagation increases the risk of 

unpredicted catastrophic failure [1]. Determination of fracture toughness is critical issue and it is based on the 

stress intensity factor (KIC) at the crack tip. When K reaches critical value, the crack propagation becomes 

unstable and results failure of components [2].  

Generally, KIC is determined by different standardized test methods for a long time but it is possible to measure 

fracture toughness with using nonstandardized test methods. Notched round bar and precracked tensile 

specimen are common sample types. The advantages of these specimens are the plain strain condition can 

be obtained, because of the radial symmetry microstructure of the material along the circumferential area is 

uniform, specimens can be prepared easily and performing the test procedure is simple [3-6]. 

In the literature, the notch angle of the round bar specimen is generally 60°[4,5]. Therefore, the aim of this 

study is to determine the effect of notch angle on fracture toughness of AISI 4340 steels and compare the 

results with the literature. The specimens have three different notch angles 45°, 60°, 75° and specimen 

diameters (D) - notch diameters (d) ratio (D / d) keep constant as 1.2.   

2. THEORETICAL BACKGROUND 

K stands for the stress intensity factor at the crack tip at mode I (tensile) loading condition. When K reaches a 

critical value, unstable crack propagation occurs and result is failure of the component. In linear elastic fracture 

mechanics, the critical stress intensity factor characterizes the fracture toughness [7]. 

KIC is calculated and formulated with using circumferentially notched bar method by different researchers.  

Dieter [7] has suggested the Equation (1) for calculation of fracture toughness KIC for notched bar tensile 

specimen of metallic materials, 
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f
IC 3/2

P D
K = 1.72 -1.27

dD
             (1) 

where Pf is the fracture load, D is the diameter of the specimen and d is the diameter of the notched section. 

This assumption made while formulating expression is that the specimen retains its elastic behavior until 

fracture occurs. This formula is valid for the D / d ratio between 1.00 and 1.25. And additional other requirement 

is that the length of the specimen L must be at least 4D. 

According to Wang et al. [8] have given the Equation (2) for calculation of KIC for notched bar specimen under 

tensile load, 

f
IC 2

0.932P D
K =

d π
              (2) 

where Pf is the fracture load, D is the diameter of the specimen and d is the diameter of the notched section. 

This calculation is valid for "1.2 ≤ D / d ≤ 2.1." 

3. EXPERIMENTAL PROCEDURE 

The chemical composition of AISI 4340 steel used in this study is given in Table 1. The received material came 

in the form of bar, approximately 30 mm in diameter.  

Table 1 Chemical composition of AISI 4340 steel (wt. %) 

C Si Mn P S Cr Mo Ni Fe 

0.377 0.131 0.663 0.0087 0.01 1.706 0.22 1.547 Balance 

The specimens without notch and with notch were prepared by using CNC lathe machine. Any heat treatment 

was not applied to the specimens. The specimens without notch were used to determine the mechanical 

properties of the received material. All of the specimens were prepared as per “DIN 50125 Testing of Metallic 

Materials - Tensile Test Pieces”. The notched specimens were also prepared according to DIN 50125 but 

additionally they had “V” type notch in the middle and notch angles (α) were 45°, 60° and 75°. For precise 

results, each different notch angle specimens were tested at least three times. Totally nine notched specimens 

were prepared for fracture toughness testing. Tensile specimen for tensile testing is shown schematically in 
Figure 1 and Figure 2 shows only the detail of the notched specimen. After the machining process, notched 

specimens are also shown in Figure 3. Definition and values of the dimensions are listed below, 

 

Figure 1 The schematic representation of the specimens  
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Figure 2 The details of the notched specimens 

 

Figure 3 Notched specimens for fracture toughness testing 

(D) Specimen diameter: 20 mm, (d) Notch diameter: 16.7 mm, (d1) Diameter of ISO metric thread: M30, (h) 

Length of the gripped ends: 24 mm, L0) Original gauge length: 100 mm, (Lc) Parallel length: 120 mm, (Lt) Total 

length of the test pieces: 191 mm, (α) Notch angle: 45°, 60° and 75° 

The tensile tests and fracture toughness tests were performed on digitally controlled servo hydraulic DARTEC 

tensile test machine with 400 kN capacity. All of the tests were conducted at room temperature using a 

crosshead speed of 4 mm/min. During the experiments, stress vs. strain curves were recorded. 

The stress - strain curves of AISI 4340 steel is shown in Figure 4. The mechanical properties of the steel are 

listed in Table 2. Each of the results is an average value of three tensile test specimens.  

 

Figure 4 Stress - strain curves of AISI 4340 steel 
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Table 2 Mechanical Properties of AISI 4340 

Ultimate Tensile Strength Yield Strength Elongation (%A) 

687.79 MPa 625.99 MPa 20.69 

After determination of the material properties of AISI 4340 steel, fracture toughness testing was performed on 

circumferentially notched bar specimens. Generally, researchers conducted experiments with using specimen 

which had notch angle of 60° in the literature [4,5]. Three notch angles (45°, 60° and 75°) were used so that 

the effect of angle on the mechanical properties could be observed.  

Fracture loads of each circumferentially notched bar specimens were determined from stress - strain curves 

which were obtained from the interfaced computer software. The fracture toughness (KIC) of each specimen 

were calculated according to Equation (1) and Equation (2) by substituting specimen diameter (D), notched 

section diameter (d) and fracture load (Pf). Fracture loads, fracture toughness and notch angle of the 
specimens are tabulated in Table 3. 

Table 3 Ultimate Stress, Fracture Load and Fracture Toughness Data of AISI 4340 steel for Different Notch  

   Angle 

Number of Test Notch angle 

α 

Fracture Load 

kN 

Fracture Toughness KIC MPa√m 

Equation 1 Equation 2 

1 45° 170.21 47.53 45.38 

2 45° 170.17 47.52 45.37 

3 45° 169.08 47.22 45.08 

4 60° 172.43 48.15 45.97 

5 60° 172.47 48.16 45.98 

6 60° 172.50 48.17 45.99 

7 75° 177.09 49.45 47.22 

8 75° 176.37 49.25 47.02 

9 75° 176.47 49.28 47.05 

4. RESULTS AND DISCUSSION 

The relationship between the notch angle and the fracture toughness of three different notched angle 
specimens are demonstrated in Figure 5 according to Equation (1) and in Figure 6 according to Equation (2). 

Because of the fracture toughness values are calculated by using the fracture loads of the notched specimens, 

an increase in fracture loads with the increase in notch tensile strength is evident. These experimental results 

reveal that as notch angle increases, value of the fracture toughness increases. As the notch angle decreases, 

triaxiality of stresses at the notch root increases, plastic deformation is increasingly suppressed. According to 

obtained results, trend of fracture toughness vs. notch angle relationship is consistent with Nath and Das [2] 

and Bayram et al. [3] works. According to Equation (1), the mean values of fracture toughness of AISI 4340 

steel are found for 45°, 60° and 75° notch angels are approximately 47.42 MPa√m, 48.16 MPa√m and 49.32 

MPa√m, respectively. According to Equation (2), the mean values of fracture toughness are found for 45°, 60° 

and 75° notch angels are approximately 45.27 MPa√m, 45.98 MPa√m and 47.09 MPa√m, respectively.  

The plain strain fracture toughness KIC is fundamental material property that depends on many factors which 

are temperature, strain rate and microstructure. The magnitude of KIC diminishes with increasing strain rate 

and decreasing temperature. Furthermore, KIC normally increases with reduction in grain size as composition 
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and other microstructural variables are maintained constant. Several different testing techniques are used to 

measure KIC and standardized by British Standards Institution (BSI) and American Society for Testing and 

Materials (ASTM). With using standardized test method, the fracture toughness of AISI 4340 steel varies from 

50 MPa√m (tempered at 260 °C) to 87.4 MPa√m (tempered at 425 °C) in the literature [9]. The reason of 

higher value of KIC from literature can be high ductility and toughness are obtained with heat treatment process. 

In this work, obtained values are in acceptable level.   

 

Figure 5 Notch angle vs. fracture toughness values according to Equation (1) 

 

Figure 6 Notch angle vs. fracture toughness values according to Equation (2) 

5. CONCLUSION 

In the present study the effect of notch angle on fracture toughness (KIC) of AISI 4340 steel is investigated by 

using circumferentially notched bar method. The following conclusions are drawn: 

1) Fracture toughness of metallic materials can be determined by circumferentially notched cylindrical 

shape specimens.  

2) This method exhibits an accurate, fast and reliable procedure for fracture toughness measurement. 

3) Obtained values are found to be in good agreement with literature. 

4) If notch presents in a tensile test specimen, it causes brittle fracture although the metal shows ductile 

mechanical properties. 

5) It is observed that the value of notch angle has respectable amount effect on fracture toughness.  The 

result indicates that as increasing notch angle, the values of the fracture toughness get increase. 
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Abstract 

The forging industry seeks ways to improve mechanical properties of forged parts without using costly alloyed 

steels or complicated and time-consuming post-forge heat treatment. One of the available options is Q&P 

processing (Quenching and Partitioning) of advanced high-strength martensitic steels. The Q&P process is 

characterized by rapid cooling from the soaking temperature to a quenching temperature which is between the 

Ms and the Mf, and subsequent reheating to and holding at a partitioning temperature. Strength levels of more 

than 2000 MPa and elongation above 10 % can be obtained. Since the quench needs to be interrupted 

between the Ms and the Mf, new alloying strategies are being developed in order to depress the Mf below 

100°C. With such steels, plain quenchants could be used, including boiling water.  

Using material-technological modelling, several heat treatment routes involving various cooling profiles were 

tested on three high-strength 2.5 % Mn steels with different Ni and Mo levels. The data for constructing the 

first model were acquired from a real-world treatment of a forged part. Quenching the forged part in boiling 

water and subsequent partitioning led to a strength of 2130 MPa and elongation of 12 %. Metallographic 

examination and measurement of mechanical properties were carried out on the experimental steels after the 

treatments.  

Keywords: Closed-die forgings, Q&P process, retained austenite, material-technological modelling 

1. INTRODUCTION  

The current trend in the forging industry is to achieve good mechanical properties in products at minimized 

costs. The costs can be reduced by avoiding materials with high-priced alloying strategies, as well as time-

consuming post-process heat treatment of closed-die forgings. One way to impart high strength and ductility 

to a material is the Q&P process (Quenching and Partitioning) which leads to strengths in excess of 2000 MPa 

and elongation levels of about 10 % [1]. It is characterized by rapid cooling from the austenite region to a 

temperature between the Ms and Mf temperatures, during which martensite forms whereas some austenite 

remains untransformed. During subsequent isothermal holding, retained austenite becomes stabilised thanks 

to carbon which migrates from super-saturated martensite to austenite. According to current knowledge, this 

retained austenite exists primarily in the form of thin foils between martensite laths or plates [2, 3]. Stabilization 

of retained austenite depends mainly on the cooling rate and on the Ms and Mf having been depressed by well-

chosen alloying elements [4]. This paper focuses on the effects of cooling rate on microstructural evolution 

and mechanical properties in high-strength steels. 

2. EXPERIMENTAL PROGRAMME 

Three steels were newly designed for this experiment using the JMatPro software. Their special chemistries 

led to depressed Ms and Mf (Table 1). The key was the increased manganese level: 2.5 %. Other alloying 

elements included silicon, chromium and molybdenum. The purpose of silicon was to prevent carbides from 

forming, to facilitate the super-saturation of martensite with carbon and to provide solid solution strengthening. 

Chromium improves hardenability and strengthens solid solution. Molybdenum was added to depress the Ms 
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and Mf and improve the stability of martensite. It also shifts the start of austenite decomposition towards higher 

temperatures. Nickel was added in a small amount. It makes austenite more stable during cooling, improves 

hardenability and provides solid solution strengthening. Carbon content was the same in all steels: between 

0.42 and 0.43 %. 

Table 1 Chemical compositions of experimental steels [wt. %] 

 C Mn Si P S Cu Cr Ni Al Mo Nb 
Ms 
[°C] 

Mf 

[°C] 

AHSS-2 0.428 2.48 2.03 0.005 0.003 0.07 1.46 0.08 0.004 0.16 0.03 214 83 

AHSS-3 0.419 2.45 2.09 0.005 0.002 0.06 1.34 0.56 0.005 0.04 0.03 209 78 

AHSS-4 0.426 2.46 1.99 0.005 0.002 0.06 1.33 0.56 0.005 0.15 0.03 204 73 

 

Figure 1 Closed-die forged part of an AHS steel with attached thermocouples 

2.1. Development of physical simulation procedure 

A test part (Figure 1) of the AHSS-3 experimental steel was closed-die forged and heat-treated. Data for 

designing the physical simulation sequences were measured during the heat treatment. Thermocouples were 

attached to those locations which cooled the most rapidly and the most slowly. One thermocouple was placed 

on the surface (no. 1) and two thermocouples were placed in the part’s interior (nos. 2 and 3), (Figure 1). The 

heat treatment had the form of a Q&P process. The part was brought a to full-austenite temperature, approx. 

880 °C, in a furnace. During subsequent cooling, its temperature had to remain above the Mf. Boiling water (at 

100 °C) was therefore chosen as a quenchant. Once the surface of the forged part reached this temperature, 

the part was removed from the quenchant and tempered in a furnace for 1 hour at 200 °C (Figure 2). Another 

heat treatment route involved cooling to 200 °C in a furnace at this temperature. As the part was held at this 

temperature, carbon migrated from super-saturated martensite to austenite and stabilized the latter. 

Cooling rates in these heat treatment routes were measured by thermocouples and used for planning the 

physical simulation sequences. The sequences were then carried out in a thermomechanical simulator which 

enables small amounts of material to be treated in a manner close to the real-world process. As the simulation 

takes place in laboratory conditions, it delivers time and cost savings.  
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Figure 2 Thermal profiles of Q&P processing and quenching in boiling water for several locations of closed-

die forged part  

2.2. Physical simulation of cooling of forged part  

Three physical simulation sequences involving heat treatment with different cooling rates were carried out on 

specimens of each experimental steel. The rationale for this arrangement was that stability of retained 

austenite depends on not only the quenching temperature (QT) in the Q&P process but also on cooling rate. 

The sequences were constructed using the cooling curves measured on the real-world forged part. These 
curves described cooling of the part’s surface and interior in boiling water and in the furnace (Figure 3). The 

physical simulation sequences involving various cooling rates (boiling water, furnace) for the forged part’s 

surface and in its interior were applied to the other two steels in order to explore the effects of treatment on 

microstructural evolution and mechanical properties. Thus, the impact of chemical composition was 

characterized and the fitness of the AHSS-2 and AHSS-4 steels for the Q&P process was ascertained. 

Comparison between physical simulation and the treatment of a real-world forged part was obtained for the 

same material by applying these sequences to the AHSS-3 steel.  

 

Figure 3 Cooling curves of the forged part’s surface and interior in boiling water and in a furnace 
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In the first sequence, i.e. physical simulation of quenching of forged part surface in boiling water, the cooling 

rate was 64 °C / s. The cooling step was followed by reheating to the partitioning temperature (PT) of 200 °C 

and holding for one hour, during which retained austenite became stabilized in the martensitic matrix. The 

second sequence related to location 3 in the forged part's interior. The cooling rate was 13 °C / s. After cooling, 

the specimen was reheated to the partitioning temperature of 200 °C and held for one hour. The third sequence 

was physical simulation of slow cooling of the interior of the forged part in a furnace at a rate of approx. 1.3 °C 

/ s. The specimen cooled for 2 hours in a furnace at 200 °C. 

All specimens treated according to these sequences were then examined and tested: metallographic 

observation was carried out using light and scanning electron microscopes and mechanical testing was 

performed. The retained austenite fraction was measured using X-ray diffraction (Table 2). 

Table 2 Physical simulation sequences and resultant mechanical properties 

 

    Physical simulation 
Real-world forged 

part 

Sequence 
number/steel 

TA [°C]  / 
tA [s] 

Cooling 
rate [°C / 

s] 

QT 
[°C] 

PT [°C / 
s] / tPT 

[s] 

HV10 
[-] 

Rm 
(UTS) 
[MPa] 

A5mm 
[%] 

RA 
[%] 

HV10 
[-] 

Rm 
(UTS) 
[MPa] 

A5mm 
[%] 

1 /AHSS2 

880/2400 

 

64 

 

100 200/3600 636 2149 10  - - - 

1 / AHSS3 100 200/3600 637 2114 15  603 2131 12 

1 / AHSS4 100 200/3600 630 2102 15  - - - 

2 / AHSS2 

13 

 

100 200/3600 657 2232 4  - - - 

2 / AHSS3 100 200/3600 669 2250 8  - - - 

2 / AHSS4 100 200/3600 633 2259 8  - - - 

3 / AHSS2 

1,3 

200 200/7200 662 2237 3  - - - 

3 / AHSS3 200 200/7200 662 2171 3  648 2153 7 

3 / AHSS4 200 200/7200 666 2059 4  - - - 

3. DISCUSSION OF RESULTS 

The physical simulation sequences produced in all specimens a martensitic matrix with some retained 

austenite (Figure 4 - Figure 8). Different amounts of retained austenite were obtained with different cooling 

rates. High cooling rates (simulation of cooling of the forged part's surface in boiling water, sequence 1) led to 

strengths around 2100 MPa and elongations up to 15 % in all steels (Table 2). Large volume fractions of 

retained austenite in the martensitic matrix were detected by X-ray diffraction analysis. This was confirmed by 

observation of special two-stage-etched metallographic sections under light microscope (1st etching step: nital, 

2nd step: 10% aqueous solution of Na2S2O5), (Figure 5). Retained austenite was present in a globular form, 

as well as between martensite needles. Slower cooling (13 °C / s in sequence 2, the simulation of cooling of 

the forged part’s interior) produced slightly higher (by approx. 100 MPa) strength in all steels than sequence 

1. The amount of martensite was larger and hardness was higher by approx. 30 HV10. The increase in strength 

was accompanied by a drop in elongation (to a mere 4 % in AHSS-2). It can be explained by a lower amount 

of retained austenite (Table 2) and by coarser grain. Lower volume fraction of retained austenite was confirmed 
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by the special etching procedure. The decrease in the amount of globular retained austenite was much sharper 

than in the inter lath form (Figure 7). The slowest cooling (1.3 °C/ s in sequence 3 for cooling in a furnace) led 

to even lower elongations (3-4 %) in all steels. Strength levels did not increase compared to the preceding 

sequences (Table 2).  

Mechanical properties of physical simulation specimens were in agreement with those of the real-world forged 

part of the AHSS-3 steel. The water-quenched (at 64 °C / s) surface of the forged part had a strength and 

elongation of 2131 MPa and 12%, respectively (Table 2). Slow cooling in a furnace (at 1.3°C/s) produced less 

retained austenite and a greater amount of martensite. As a result, the ultimate strength was 2153 MPa and 

elongation was 7 % (Table 2). 

  

Figure 4 AHSS-2 steel - martensitic-austenitic 

microstructure, cooling rate of 64 °C / s, scanning 

electron micrograph (SEM) 

Figure 5 AHSS-2 steel - martensitic-austenitic 

microstructure, cooling rate of 64 °C / s, colour etch, 

light micrograph (LM) 

  

Figure 6 AHSS-4 steel - martensitic-austenitic 

microstructure, cooling rate of 13 °C / s,  

SEM 

Figure 7 AHSS-4 steel - martensitic-austenitic 

microstructure, cooling rate 13 °C / s, colour etch,  

LM 
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Figure 8 AHSS-3 steel, martensitic-austenitic microstructure, cooling rate of 1.3 °C / s, SEM 

4. CONCLUSION  

Physical simulation was employed to apply three heat treatment sequences with different cooling profiles and 

other parameters to three newly-designed high-strength steels alloyed with manganese, silicon and chromium. 

The input data for constructing these sequences was measured in a real-world process of treatment of a forged 

part. The cooling rates applied (64 °C / s, 13 °C / s and 1.3 °C / s) had a strong effect on the resultant amount 

of retained austenite in the martensitic matrix. During the sequence in which the cooling rate was the fastest 

(representing the forged part’s surface), austenite did not transform. A large portion of retained austenite 

therefore remained in the martensitic matrix thanks to appropriate alloying. The resultant elongation was high, 

up to 15 %, and the ultimate strength reached approximately 2100 MPa. The sequences, in which cooling was 

slow (forged part's interior and furnace cooling), led to lower amounts of retained austenite in the martensitic 

matrix. Consistently with the high volume fraction of martensite, the ultimate strength and hardness were higher 

than in other cases, approximately 2200 MPa and 660 HV10, respectively. The high strength produced by 

sequences with slow cooling was associated with lower elongation. 

Mechanical properties of specimens of AHSS-3 after physical simulation were in agreement with those of the 

real-world forged part. The high rate of cooling (64°C/s) of the forged part’s surface in boiling water led to a 

strength of 2131 MPa and elongation of 12 %. Slow cooling in a furnace (1.3 C / s) produced more martensite, 

a higher strength of 2153 MPa and a lower elongation of 7 %. The comparison between physical simulation 

and real-world forged part suggests that physical simulation in a laboratory enables a wide range of heat 

treatment parameters to be tested for optimizing the processing of closed-die forgings.  
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Abstract 

The effect of the strain rate on master curve of the martensitic chromium steel was examined. The tests were 

performed in both quasi-static and dynamic conditions. The pre-cracked Charpy V specimens were used in 

the test to allow to determinate Master Curve in dynamic conditions using instrumented standard Charpy 

pendulum. On the basis of the research, the effect of the strain rate on master curve was found. The increasing 

of strain rate from quasi-static to dynamic conditions in tested steel caused the significant decrease of KJc and 

consequently an increase of the reference temperature (T0). 

Keywords: Master Curve, Fracture Toughness, Martensitic chromium steel, Strain rate 

1. INTRODUCTION 

The Master Curve methodology is popular and commonly used method to determinate the transition behaviour 

of fracture toughness. The standard 1T specimens and specimens with reduced size can be applied to 

construct the curve showing the dependence of KJ on temperature of material [1-3]. On the basis of the master 

curve, the reference temperature (T0) is received. The application of specimens with dimensions different than 

1T standard specimen is complicated due to the necessity of conversion of the results to values equivalent to 

standard specimen. However, the miniaturization of specimen is sometimes recommended to minimize the 

amount of tested material. The literature data show increasing of the popularity of the application of 

miniaturized specimens in mechanical testing techniques (Tensile Test [4, 5], Fatigue Test, Fracture 

Toughness Test [6], Charpy Impact Test [7-18] and Small Punch Test [4,19]) allowing non-invasively testing 

of the construction. 

The aim of the work was to examine the effect of strain rate on the Master Curve of martensitic chromium 

steel. The Master Curves determined in both quasi-static and dynamic conditions were compared. The pre-

cracked Standard Charpy V specimens were used for possibility of determination of test in dynamic conditions 

using standard Charpy pendulum. 

2. EXPERIMENTAL DETAILS 

The Master Curve for X14CrMoVNbN101 martensitic chromium steel was determined in both quasi-static and 
dynamic conditions using pre-cracked Standard Charpy V specimens. Figure 1 shows dimensions of the 

specimen. The samples were prepared by using Electrical Discharge Machining method, which facilitates 

precise machining of the materials [20, 22,23].  

The specimens were pre-cracked using RUMUL resonant testing machine to crack length 5 mm and final 

stress intensity factor K = 16 MPa.m1/2. After pre-cracking operation, the side grooves with depth 1 mm were 

machined. The Master Curves were determined according to the ASTM E1921-97 standard [1]. The test in 
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quasi-static conditions was performed by three-point bending in various temperatures on Mayes electrical 

testing machine with 0,5 mm*min-1 crosshead speed. In the case of dynamic Master Curve evaluation, the test 

was conducted by using the instrumented Charpy pendulum WPM PSd with striking edge radius of  

2 mm. The tests were supported by the Tensile Tests conducted on Mayes electrical testing machine. 

 

Figure 1 Dimensions of pre-cracked Standard Charpy V specimen [10,24] 

3. RESULTS AND DISCUSSION 

Figure 2 shows the results of the tensile test performed in the temperature range from -70 ºC to room 

temperature. The results were supplemented by regression line calculated using the least-squares method. 

 
Figure 2 The results of the tensile tests of X14CrMoVNbN101 steel  

with the regression line 

The KJc distribution in quasi-static conditions measured in the temperature range from -85 ºC to 20 ºC was 
shown in Figure 3. The graph contains the Master Curve (KJc) with the 1 %, 5 % and 95 % probability scatter 

bounds curves (KJc(0.01), KJc(0.05) and KJc(0.95), respectively). On the basis of the Master Curve, it was found that 

the reference temperature (T0) in tested steel in quasi-static conditions is equal to -75.7 ºC. 
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Figure 3 The Master Curve diagram in quasi-static conditions of the test 

Figure 4 shows the distribution of KJc values in dynamic conditions in the temperature range from 0 ºC to  

20 ºC including the Master Curve and the probability scatter bounds curves. The reference temperature (T0) 

in dynamic conditions of the test was 10.8 ºC. 

 

Figure 4 The Master Curve diagram in dynamic conditions of the test 

The comparison of the Master Curve values determined in quasi-static and dynamic conditions is presented 
in Figure 5. From the figure, it is clear that increasing of the strain rate from quasi-static to dynamic conditions 

caused the significant decrease of KJc and consequently an increase of the reference temperature (T0) from -

75.7 ºC to 10.8 ºC. The results of the research showed significant decrease of the fracture properties of 
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examined steel in dynamic condition of the test. Low fracture properties limit the application of material in 

dynamically loaded structures at low temperatures. 

 

Figure 5 The comparison of the Master Curve for quasi-static and dynamic conditions 

4. CONCLUSION 

The effect of strain rate on master curve of the martensitic chromium steel was examined in the work.  

The reference temperature (T0) measured for quasi-static conditions of the test was equal to -75.7 ºC and it 

increased to 10.8 ºC when dynamic condition of test were applied. 

The results of the research showed significant decrease of the fracture properties of examined steel in dynamic 

condition of the test. Low fracture properties limit the application of material in dynamically loaded structures 

at low temperatures. 
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Abstract 

Description of the procedure and results are given for computer simulations of small punch test (SPT) 
performed on P92 structural steel. The maximum force calculated using the SPT simulation is about 5% higher 
than the measured value. The punch displacement at the maximum calculated force is 2% less than the 
measured punch displacement. Effects of several factors were analysed using the SPT simulation, such as 
friction between the test device and the test specimen, the geometry of the test device, and the clamping force. 
It was found that SPT results depend strongly on the amount of friction and on imperfections of the test device 
dimensions and geometry.  

Keywords: Small punch test, imperfection, simulation, finite element method 

1. INTRODUCTION 

The finite element method is employed in engineering design on a routine basis for determining appropriate 
dimensions of structures and machines and for modelling metalworking processes. Commercially-available 
FE software tools enable engineers to solve static linear problems as well as the non-linear ones. Where a 
solution is sought for a stress-strain problem in the elastic range, modulus of elasticity (E) and Poisson’s ratio 
(ν) are sufficient as input data for isotropic materials. In recent years, however, demand has grown for stress 
and strain calculations which allow for elastic-plastic behaviour as well [1], [2]. For accurate simulations of 
component behaviour involving isotropic plasticity, actual stress-strain data are required, i.e. models of the 
dependence of true stress on true strain. An accurate model of a ductile material can be constructed from an 
engineering stress-strain curve [3], [4], [5], [6] and [7]. 

When estimates of mechanical properties of in-service structures are needed, the small punch test (SPT) is 
often employed [8], [9] a [10]. As the name shows, SPT specimens are of small size. Thus, the subsequent 
disturbance to the structure from which they are taken is minimal and does not compromise its strength. In the 
light of this fact, SPT has been classified as one of non-destructive tests. Earlier studies used computer 
simulations of SPT to explore the effects of variation in the ball punch diameter, the test specimen thickness, 
the friction coefficient and the yield stress and work-hardening exponent of the specimen material. In these 
studies, an ideal geometric setup was employed and the test device was considered to consist of rigid bodies, 
[11] and [12].  

The present contribution deals with simulation of small punch testing of P92 steel [13] and compares the effects 
of selected SPT parameters and test device imperfections on the test. These calculations comply with the 
requirements for the modelling of large deformation in test specimens. They also account for steel’s plasticity 
characteristics (isotropic plasticity) and for friction on contact surfaces of the test device and the specimen. 

2. SIMULATION OF SMALL PUNCH TEST 

The geometry of the model represents a test device used by the company Výzkumný a zkušební ústav Plzeň 
with a disc-shaped test specimen with a diameter of 8 mm and 0.5 mm height [14]. The symmetry of the model 
with respect to the vertical axis of the test setup was exploited in its construction. Friction between the test 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

647 

device and the disc specimen is modelled using the f coefficient values between 0.07 and 0.2. The specimen 
is clamped in the device through forces C and D which are imposed by a swivel nut. A geometric model of the 
test device configured according to relevant drawings is shown in Figure 1. The materials of the test device 
(steels, INCONEL625, alumina) are modelled using their respective moduli of elasticity and Poisson’s ratios. 

  

Figure 1 Geometry model and imperfections studied 

Additionally, the material model of the lower die (INCONEL625) accounts for isotropic work hardening. In the 

drawing-based configuration, the friction coefficient is considered as f = 0.07 [15]. The geometric imperfections 

of the lower die explored in this study include an edge chamfer Ch = 0.3 mm (the chamfer specified on drawings 

is Ch = 0.2 mm), an edge radius R = 0.02 mm and parallelism error of the surface of the recess for 
accommodating the specimen P = 0.02 mm, as indicated in Figure 1. 

 
Figure 2 Tensile test plots for P92 steel 
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The input data for the P92 steel model included the modulus of elasticity E = 210,000 MPa, Poisson’s ratio ν = 

0.3 and a dependence of true stress on actual engineering plastic strain derived from a real-world tensile test 

data. The portion of this real-world stress-strain curve beyond the ultimate strength point had been corrected. 

The purpose of this correction was to ensure agreement between the real-world engineering stress-strain 
diagram and the one produced by simulation, as shown in Figure 2. 

In the first step of the SPT simulation, a disc specimen is clamped in the test device and held by forces C and 

D. In the second step, the disc is held by forces and C and D and subjected to a load exerted by a moving 

punch until the prescribed punch displacement is achieved.  

3. RESULTS AND EVALUATION OF SIMULATION 

Total strain and HMH stress after the end of standard-configuration small punch test are shown in Figures 3 
and 4.  

  

Figure 3 Deformation at the end of SPT Figure 4 HMH stress at the end of SPT 

The calculated dependences of the test force and the maximum HMH stress in the disc specimen on the punch 
displacement are plotted in Figure 5, as well as the curves from experiments reported in [16] (P92_molyko01 

- 04). The calculated maximum test force is larger by 5% than the value measured in the real-world test. The 

calculated punch displacement at the calculated maximum force is lower by 2% than the measured value. 

The simulated and real-world measured relationships between force and displacement differ significantly even 

at the start of the small punch test. It is clear from the HMH stress distribution in the disc specimen shown in 
Figure 4 that the discrepancy occurs in the elastic range or in the early plastic range. As the extent and 

magnitude of plastic deformation increases, the discrepancy diminishes. This behaviour is in contradiction to 

the premise that simulation data should approximately match the real-world values in the early stages of the 

SPT and that they should only begin to deviate substantially after the onset of plastic deformation. After this 
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finding, selected parameters which can affect the SPT results were re-examined: the clamping force 

magnitude, the imperfections of the test device and the friction between the test device and the specimen.  

The effects of clamping force variation between 150 N and 5,000 N are illustrated in Figure 6. At low clamping 

force, the test force becomes a) lower between the start of the test and the displacement of approx. 1.3 mm 

and b) slightly higher beyond 1.5 mm displacement. 

  

Figure 5 Force versus displacement - real-world 

experiment and simulation 

Figure 6 Effects of prestress 

  

Figure 7 Effects of test device imperfections Figure 8 Effects of friction 

Above 500 N, the effect of the prestress magnitude is negligible. There is a clear need to improve the 

reproducibility of SPT results by standardizing the disc specimen clamping procedure. The relationships 
between geometric imperfections of the lower die and SPT results are shown in Figure 7 together with results 

of a real-world test. The lower die edge radius R = 0.02 was estimated on the basis of the permanent 

deformation of the edge after removal of the test force on the test specimen. This edge radius of the lower die 

has only a marginal impact on SPT results. By contrast, after the lower die edge chamfer increases to  

Ch = 0.3 mm and the parallelism imperfection of the lower die surface, which is in contact with the test 

specimen, increases to P = 0.02 mm, the dependence of force on displacement changes significantly. Once 

the edge chamfer is increased to 0.3 mm, the test force becomes reduced in the interval between the 

displacement of 0.25 mm and, in fact, the end of the test. 

Parallelism error considerably reduces the test force, more so early in the test. As the punch displacement 

increases, this discrepancy diminishes. The discrepancy between the simulation results and the real-world 

SPT data may arise from the parallelism imperfection of the test device contact surfaces. In the light of the 
varying slopes of the real-world force-displacement plots seen in Figure 5, one may expect that imperfect 

parallelism between the disc specimen contact surfaces may have a significant impact on SPT results.  
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The effects of friction between the test device and the disc specimen is shown in Figure 8. Higher friction 

coefficient values lead to a significant increase in the test force beyond a displacement of approximately 

0.75 mm. The amount of friction affects the location where the disc fails. At friction coefficient f = 0.07, the 

highest HMH stress, and thus the potential failure location, is found in the centre of the disc specimen, see 
Figure 4. At f = 0.2, the highest HMH stress occurs at approx. 0.6 mm radius where the disc becomes thinner, 

as seen in Figure 9. Simulations of the small punch test device imperfections hint at possible sources of 

discrepancies between simulations and actual test. 

 

Figure 9 HMH stress at the end of SPT, f=0.2 

Geometric imperfections of the test device and disc specimen and deviations from correct procedures have 

an unacceptable impact on the results of SPT. Since the main purpose of small punch testing is to collect data 

for predicting the behaviour and integrity of in-service structures, all available means should be exploited to 

ensure that correct and reproducible results are obtained from the test. Computer simulations of small punch 

tests appear to be an effective tool for studying the dependence of SPT results on materials properties and for 

developing more reliable test evaluation methods.  

4. CONCLUSION 

A real-world stress-strain diagram and the dependence of true stress on plastic deformation can be derived 

from a round bar tensile test data. The smallest data set which enables a real-world tensile test diagram for 

steel to be constructed comprises the stress and strain values at offset yield strength, at the ultimate strength 

point and at fracture. The results of simulated tensile and small punch tests are in good agreement with the 

results of their real-world counterparts. Where accurate estimates of true stress-strain parameters are 

demanded, it is recommended to modify the engineering stress-strain diagram based on tensile test 

simulations. The imperfections of the SPT device studied here shift the SPT curves towards lower test force 

values. The parallelism imperfection of the lower die causes the largest reduction in test force values at the 
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start of the small punch test. Similar outcomes may be expected when the surfaces of test specimens suffer 

from parallelism errors of several hundredths of millimetre. Comparison between real-world tests and 

simulations of SPT hint at the effects of possible geometric deviations of the test device from drawings, the 

effects of random deviations of clamping force, and the test specimen geometric imperfections. Computer 

simulations of small punch testing appear to be an effective tool for identifying systematic and random errors 

of the test. They can also be used for exploring the cause-and-effect relationships between materials properties 

and results of SPT.  
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Abstract 

Cold drawing of steel tubes is the manufacturing process characterized by anisotropic material flow during 

drawing. In this paper, the microstructural of the E235 hot rolled steel tube after normalizing and cold drawing 

were characterized by optical microscopy, EBSD (Electron BackScatter Diffraction) analysis performed 

on scanning electron microscope. The input feedstock with dimensions of Ø 31.8 mm × 2.6 mm (O.D × W.T.) 

was cold drawn in one drawing passes with fixed plug to the final dimensions of Ø 25.0 mm × 1.5 mm. 

The development of grain texture in 3 different regions was analyzed on a longitudinal section of the tube. 

The stress state in the tube material during drawing was calculated by finite element software and the 

development of the texture depending on the stress state in three different directions using cylindrical 

coordinates with respect to the drawing direction was evaluated. 

Keywords: Precision steel tube, texture, cold drawing, finite element modelling 

1. INTRODUCTION 

Metals are crystalline in the solid state. In a polycrystalline aggregate each grain is an individual crystal differing 

from its neighbouring grains in lattice orientation. At any stage of the manufacturing process, it is seldom that 

the crystals are oriented completely at random. In castings, columnar grains can form along a specific 

crystallographic direction during solidification. During subsequent plastic deformation, the crystals rotate 

toward certain stable orientations. Upon recrystallization, new crystals form and grow preferentially at 

the expense of the deformed matrix crystal. All these processes lead to the development of non- randomness 

of the grain orientations in a polycrystalline aggregate, known as preferred orientations, or textures. 

There are many types of textures or distributions of orientations and several reasons for them. The two main 

reasons for texture formation are annealing and deformation, this thesis will focus on deformation texture. 

To make it simple deformation texture can be divided in rolling texture and fibrous texture. As the names imply 

one is normally formed when rolling and one when deforming in one direction [1, 2]. 

Many of the physical, mechanical, and even chemical properties of single crystals vary with the crystallographic 

direction or plane. Accordingly, a textured material usually exhibits anisotropic properties. Depending on 

the nature of the texture and the intended use of the material, property anisotropy may or may not be 

a desirable feature from the practical point of view. To fully utilize the property anisotropy to advantage, it is 

often necessary to "tailor-make" a texture for a particular purpose [3, 4]. 
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The aim of this investigation is to be to determine the evolution during cold drawing of seamless steel tube 

by EBSD analysis. 

Table 1 Chemical composition of E 235 steel grade (wt. %) 

C Mn Si P S Cu Cr Ni Al N 

0.078 0.430 0.220 0.014 0.006 0.130 0.030 0.070 0.021 0.008 

2. MATERIALS AND METHODS 

The material used in this study is E235 steel grade with ferrite and pearlite (8.9 %) microstructure. 
Chemical composition of the used steels is in Table 1. Microstructure was mechanical polished down 

to 0.25 μm. The input hot rolled tube with dimensions of Ø 31.8 mm × 2.6 mm (O.D × W.T.) was 

the normalization annealing at temperature 900 - 930 °C. The input feedstock was cold drawn in one drawing 

passes with fixed plug to the final dimensions of Ø 28.0 mm × 2.0 mm (reduction 31.51 %) at the drawing 

speed 625 mm / s. The stress state in the material tube during drawing was calculated by finite element 

software - 3D Deform. Numerical simulation setup has been published in work [5]. 3D Deform expresses the 
stress state in cylindrical coordinate system [R, θ, Z], Figure 1. The stress state is expressed by the effective 

stress σi: 

Õ� � �D
& ��ÕD � Õ&�& + �Õ& � Õ)�& + �ÕD � Õ)�&� (1) 

where: 

ÕD, Õ&,, Õ)  � normal stresses (MPa) 

The crystallographic orientation of grains with individual orientations was examined by means 

of EBSD method. High resolution ESBD images were prepared on an area ~ 200 x 150 μm using a step size 

of 1 μm and applying a tilt angle of 70° at accelerating voltages 20 kV. The obtained EBSD data were analyzed 

by HKL Channel 5 software. The crystallographic orientation was measured in 3 different areas with respect 
to the thickness of the wall of tube, Figure 2. 

 

Figure 1 Illustration of cylindrical coordinate system 

on a tube 

 

Figure 2 Schematic representations of surface and 

thickness direction 

3. RESULTS AND DISCUSSION 

The EBSD analysis was conducted to understand the development of textures. The development of textures 

is shown using inverse pole figures (IPF) in sample longitudinal, rolling and transverse directions. The intensity 
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of IPF is shown by the mean uniform density (MUD). MUD value above unity indicates that more data points 

of a particular orientation than would be expected from a sample that is totally random are there. 

Figure 3 - Figure 5 shows IPF after hot rolling (on the left) in the different directions with respect to 

the deformation direction. The crystallographic texture is not the same with respect to the thickness of the wall 

and to the tube deformation direction. Texture is stronger in the radial direction than in the tangential direction 

because total reduction in cross-section (77.42 %) in stretch reducing mill at hot rolling is greater than the total 

reduction in wall thickness (19.49 %). 

Texture is stronger under the inner surface than under the outer surface and in the central of the tube because 

strain is higher under the inner surface than under the outer surface and in the central of the tube in stretch 
reducing mill at hot rolling, Figure 6. 

outside   

 

outside 

central   central 

inside   inside 

Figure 3 Distribution of effective stress in the radial direction during drawing (in the middle) and IPF before 

drawing (on the left) and after drawing (on the right) 

outside   

 

outside 

central   central 

inside   inside 

Figure 4 Distribution of effective stress in the tangential direction during drawing (in the middle) and IPF 

before drawing (on the left) and after drawing (on the right) 
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outside   

 

outside 

central   central 

inside   inside 

Figure 5 Distribution of effective stress in the axial direction during drawing (in the middle) and IPF before 

drawing (on the left) and after drawing (on the right) 

 

Figure 6 Distribution of effective strain at hot rolling in stretch reducing mill (radial direction) 

The material after rolling and standardization is completely recrystallized but the original deformation texture 
was retained, Figure 3 - Figure 5 (IPF on the left). Deformation texture is stronger. Texture in the radial 

direction is in (101), in the tangential direction is in (001) and in radial axial direction is in (101). 

Grains shape after rolling and standardization are equiaxed in the longitudinal direction with the minimum 
content of grain with small-angle grain boundaries, Figure 7, Figure 8, Figure 11. The microstructure has 

average grain size in the transverse direction 7.5 ± 0.4 μm. During the drawing of the tube increases 

the number of grain with small-angle grain boundaries. Grains shape after drawing is elongated in the drawing 

direction in longitudinal section. The microstructure after drawing has average grain size in the transverse 
direction 5.4 ± 0.4 μm, Figure 9, Figure 10, Figure 12. 

DRAWING DIRECTION 

DIE 

PLUG 
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Figure 7 Microstructure before cold drawing  

(cross-section) 

 

Figure 8 Microstructure before cold drawing 

(longitudinal section) 

 

Figure 9 Microstructure after cold drawing 

(cross-section) 

 

Figure 10 Microstructure after cold drawing 

(longitudinal section) 

 
Figure 11 The distribution of angular grain boundaries before drawing 

 
Figure 12 The distribution of angular grain boundaries after cold drawing 

The distribution of the effective stress in the individual drawing direction at drawing tube is shown on Figure 3 

- Figure 5. Texture has changed during tube drawing compared to the rolling state. The texture after drawing 

is approximately the same by the thickness of the wall of the tube in all directions of drawing. 
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Material in the radial direction is at drawing tube loaded the dominant pressure component of the stress in the 

deformation zone. The pressure stress in the radial direction causes reduced the thickness of the wall of tube. 

Maximum pressure the stress is approximately σ = - 300 MPa. We see in IPF that the density of the poles 

in the individual planes effect the pressure is changing from (101) to (111). 

Material in the tangential direction is at drawing loaded the dominant pressure component of the stress 

in the deformation zone. The pressure stress in the radial direction causes a reduction cross section of tube. 

Maximum pressure the stress is approximately σ = - 500 MPa. We see in IPF that the density of the poles in 

the individual planes effect the pressure is changing from (001) to (101) / (101). 

Nevertheless, in the tangential direction has higher pressure component of the stress than in radial direction 

so the rotation of the crystal is less pronounced in the tangential direction. Braking of texture development 

in the tangential direction is caused high content plane (001). Plane (001) causes the texture to deform during 

deformations because of high critical slip stress required to rotate the plane (001) compared to other planes 

in the BCC (Body-Centered Cubic) grid [6]. 

Material in the axial direction is at drawing loaded the dominant tensile component of the stress 

in the deformation zone (calibration band). Maximum tensile the stress is approximately σ = 500 MPa in the 

calibration zone. We see in IPF that the density of the poles in the individual planes effect the tensile increasing 

the portion of the plane (101). 

4. CONCLUSION 

The microstructure and texture characteristic of a E235 steel grade tube is investigated based on electron 

backscattered diffraction results, this analysis enabled us to reach the following conclusions: Grain size of 

seamless tube decreased by 28 % during drawing tube compared with the input rolling feedstock at 31.51 % 

reduction. The texture after the drawing is homogeneous to the thickness of the wall of the tube in all directions 

of drawing. Crystals in radial and tangential direction rotated by effect pressure the stress into a stable texture 

(111) that is at pressure stress in BCC grid. Crystals in the axial direction rotated with effect tensile stress into 

a stable texture (101) that is at tensile stress in BCC grid. 
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Abstract 

Reactor pressure vessel (RPV) of light water reactor and its internals are the most important components of 

any nuclear power plant. RPV and its internals are exposed to high temperatures, pressures and intensive 

neutron flux during the operation. These conditions lead up to material degradation - especially radiation 

hardening and embrittlement.  

Paper presents the annealing treatment as one of the possible solutions to provide and re-establish sufficient 

mechanical properties of RPV internals during the operation. The first part of the poster is dedicated to the 

description of equipment which is used for the annealing of unirradiated and irradiated materials at the UJV 

Rez hot cell facility. Following part shows selection of unirradiated material for definition of original mechanical 

properties. Next part is an overview of selected annealing regimes. The main section is focused on definition 

of mechanical properties (especially hardness) of original and annealed material of WWER 440 type reactor 

internals as well as on methods and analyses employed to study of mechanical properties changes.  

The final part discusses the next planned steps in the solution of the research project TH02020565: “Assurance 

of Safe and Long Term Operation of Nuclear Reactor Pressure Vessel Internals” which is realized in the period 

from 2016 to 2020 with the support of Technology Agency of the Czech Republic.   

Keywords: Austenitic stainless steel, reactor pressure vessel internals, annealing 

1. INTRODUCTION  

One of the possible solutions how to extend service life of Reactor Pressure Vessel (RPV) is its thermal 

annealing, which became a verified technology and its application in nuclear industry was prompted mainly 

due to an inability of RPV exchange [1]. A similar process, which would be focused on reactor internals, has 

not been realized yet. The internal parts are exposed to severe conditions during operation including high 

neutron flux and aggressive chemical environment of the coolant [2]. UJV Rez, a. s. is realizing a research 

program between years 2017 and 2020. The aim of this research is design, development and certification of a 

standard procedure for restoring the initial properties of WWER 440-type reactor internals by the thermal 

annealing method. Successful solution of this problem will contribute to long-term operational life of NPPs and 

could eventually lower radioactive waste production.  

2. PROJECT OVERVIEW  

Main task is to design several annealing regimes and proof their application to unirradiated materials 
(Figure 1). Evaluation of mechanical properties of unirradiated specimens before and after annealing 

treatment (hardness testing especially) is necessary. After that, a selection of one annealing regime and its 

application to irradiated material will be possible. In the next part, mechanical properties evaluation of irradiated 

specimens after annealing treatment - hardness testing, static fracture toughness (miniaturized compact test 

specimens), corrosion-mechanical testing (small strain rate testing) will follow. Thermal annealing process 

certification for RPV internals will be the final task in this experimental project.  
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3. MATERIAL 

Irradiated material used in this research program has its origin in Greifswald nuclear power plant (WWER-440) 

which had been closed after 15 years of service. Blocks of materials are cut from Greifswald I RPV internals. 

Internals are made from corrosion resistant titanium stabilized austenitic steel 08Ch18N10T. Chemical 
composition is shown in Table 1 below. Further, these blocks (Figure 2) will be cut into specimens for testing 

of mechanical properties and susceptibility to stress corrosion cracking after thermal annealing. 

Table 1 Chemical composition of the 08Ch18N10T steel (atomic %) [3]  

Material C Mn S P Ni Cr Ti 

08Ch18N10T ≤ 0.08 1.0 2.0 ≤ 0.02 ≤ 0.035 9.0 - 11.0 17.0 - 19.0 ≥5C; ≤0.6 

 

Figure 1 Unirradiated block of 08Ch18N10T material -picture after fabrication of 12 samples 

 

Figure 2 Irradiated samples from Greifswald WWER 440 NPP 

4. SPECIMEN PREPARATION 

Mechanical clamping device for precise manufacturing of miniaturized test specimens from irradiated material 
was developed, see (Figure 3). Positional clamping device enables precise remote-controlled manufacturing 
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of irradiated miniaturized compact test pieces with dimensions 10 x 10 x 4 mm. These specimens will be used 

for fracture toughness testing of irradiated and annealed material. 

 

Figure 3 Holding device for miniaturized compact test samples fabrication (detail on the right side) 

5. ANNEALING DEVICE 

Laboratory of Mechanical Testing Department is equipped with furnace (Figure 4), which is used for annealing 

of metallic materials in protective atmosphere at high temperatures. Temperature is controlled with three 

independent thermocouples and regulated by temperature regulator Clare 4.0. The moving mechanisms are 

driven by compressed air. Outer surfaces are cooled by water as a coolant with forced circulation and water-

air passive heat exchanger. Annealing experiments are controlled by PC which is also used for data recording. 

Before the annealing process starts, the furnace inner environment is cleaned using a vacuum pump and a 

repetitive flushing of the furnace chamber and the sample with an inert gas. Annealing experiments could be 

controlled using integrated GSM module. 

 

Figure 4 Annealing furnace 
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6. ANNEALING REGIMES 

For unirradiated specimens, several annealing regimes were selected - temperatures: 550, 600, 700, 800 and 
900 °C as could be seen in Figure 5. Other parameters of process will be following: heating rate (10 °C / min), 

holding time (6 hours), cooling (inside the furnace to room temp.), experiment duration (approx. 24 hours), 

environment (air or argon, 2 litres per minute flow), specimen load (either one or several pieces),the end of 

experiment (50 °C or lower temperature). 

 

Figure 5 An overview of 5 selected annealing regimes 

7. NEXT STEPS 

First goal is to measure initial hardness of unirradiated 08Ch18N10T sample without any mechanical or heat 

treatment. Annealing treatment will be applied on 5 specimens - one for each temperature level. Hardness will 

be measured after annealing treatment as well. Another six specimens will be first subjected to work hardening 

before annealing treatment. Original thickness of 6 block specimens - 12 x 12 x 60 mm will be reduced by 10 

% (one half of specimens) or 20 % (second half of specimens). Six work-hardened specimens will be annealed 

according to 3 preselected regimes and hardness measurement will follow. After these experiments further 

tests will be performed with changed time duration of thermal annealing procedure. 

8. CONCLUSIONS AND DISCUSSION 

Annealing of unirradiated specimens and following mechanical testing will lead up to selection of one annealing 

regime and its application to irradiated specimens. The final mechanical and corrosion-mechanical testing of 

irradiated specimens will help to confirm the proper annealing regime for WWER-440 internals material. 

Following certification of the thermal annealing methodology of the internal components of RPV is one step in 

possible restoration of the mechanical properties of the highly irradiated materials. That will contribute to the 

long-term and safe operation of NPPs. Certification of the methodology will allow introduce this methodology 

into industrial practice. 
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Abstract  

The paper focus on possibilities of imaging microstructure changes in high strength low-alloyed carbon steel 

using an in-situ tensile stage placed in scanning electron microscope (SEM). The sample can be observed 

either in secondary electrons (SE) or by electron backscattered diffraction (EBSD). We used both types of 

imaging for different purposes: SE were used mainly for observation of crack initation and propagation and 

EBSD was used for grain deformations observation. Both methods need different specimen preparation and 

moreover we used different specimen shapes. All experiments were performed with several TRIP 

(transformation-induced plasticity) steels containing 0.2 - 0.4 % C, 0.5 - 2 % Si, 0.6 - 1.5 % Mn, 0.03 - 0.06 % 

Nb. 

Keywords: Steel, microstructure, electron microscopy, tensile testing, in-situ testing  

1. INTRODUCTION 

Possibilities of imaging microstructure changes using scanning electron microscope (SEM) equiped with an 

in-situ tensile stage are studied in the paper. Tensile testing provides number of information about physical 

behaviour of material [1-4]. But these parameters are obtained from the correlation of state of the sample 

before and after the experiment. To see which processes take place in the matter of the sample during the one 

need to interrupt the experiment, remove the sample from tensile testing machine and prepare a 

metallographic specimen which cannot be used for tensile testing again. For observation of continuous 

changes which occurs during tensile testing one must make a series of experiments with the same parameters 

and to end each test continuously e.g. at different load. If the tensile test machine is already placed in SEM, it 

is possible to interrupt the experiment, analyse the microstructure and continue with the same sample, this 

can save both material and time [5]. 

In spite of its great potential for delivering extremely useful experimental information [6,7], the combination of 

the two techniques (in-situ tensile testing and EBSD) is still not extensively used due to technical challenges 

posed by drift, hardware design limitations and acquisition time [8]. 

2. MATERIALS AND METHODS 

High strength low-alloyed carbon steels were used for experiments. Samples were made from various low-

alloyed steels with 0.2 - 0.4 % C, 0.5 -2 % Si, 0.6 - 1.5 % Mn, 0.03 - 0.06 % Nb which were treated with several 

schedules of thermo-mechanical treatment. All examined steel possessed good properties as high ductility, 

toughness and suitable microstructure. Resulting microstructures consisted of the mixture of free ferrite, bainite 

and retained austenite [5]. Samples were water jet cut from the steel rods and then grinded, polished in a 

standard way of a metallographic sample up to 1µm diamond paste. Prior to testing by SE, samples were 

etched in 3 % Nital solution. For EBSD analysis sample preparation consisted again from mechanical grinding 

and polishing but moreover it had to be electrolytically polished with a Struers electrolyte A2 based on 

perchloric acid. Electrolytic polishing took place on Electropol-5 from Struers, parameters of the polishing were 

as follows: 19 V, 15 s, 16 flow rate, 0.15 A. Scanning electron microscope Zeiss EVO MA25 equipped with 

LaB6 cathode, EDS (SDD X-MaxN 20) and EBSD (NordlysNano) detectors both from manufacturer Oxford 
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Instruments, was used. Parameters for SE imaging were typically 15 kV EHT, WD 21 mm, for EBSD EHT was 

20 kV, WD 55 mm, sample was tilted 70° against the EBSD detector. Very long working distance is necessary 

to allow manipulation with the tensile stage in the SEM.  

Tensile stage MTII/SEMTester 1000EBSD which is compatible with mentioned SEM was provided from MTI 

Instruments. It can develop loading force up to 4500 N using variation of loading velocity (0.02 to 2 mm / s). 

The tensile stage, or more precisely a sample loaded in the tensile stage can be heated up to 1200°C, however 

all the experiments in the study took place under normal temperature. Control of the tensile stage is operated 

via software MTESTQuattro ™ from Admet Inc. Software which allows required set-up of the tensile 

experiment and also enables measurement of selected parameters. Samples used for the tensile stage are of 
two different geometries (Figure 1) both have the same outer dimensions (45 x 10 mm) but differ in the gauge 

section. These differences are made for the purpose of observation. Classical dog-bone shaped specimen is 

used for test focused on mechanical properties and grain deformation tests (EBSD). The rounded one is used 

for SE tests as the shape of the specimen ensures crack propagation right in the middle of the gauge section 

while EBSD samples brakes closer to one of the shoulder.  

  

Figure 1 Sample shapes and dimensions used for in-situ tensile tests: plain (left) and curved (right) 

These dimensions, alongside with sample surface preparation (grinding, polishing, etching) resulted from 

previous work for the test being long enough for SEM observation and it is ensured that each sample reaches 

its limit and is fully broken at the end of the test. 

 

Figure 2 A time evolution of load F and elongation Δl in tensile test with pauses for EBSD 

2.1. Principle of the testing 

At first, one sample of examined material was tested outside the microscope on air without interrupting to 

calculate stress-strain curves and parameters like engineering stress and strain. Then a new, freshly polished 

and etched sample was mounted into the jaws of tensile stage which was then placed in a SEM and connected 

with a controller. The test itself was controlled by position of the jaws (velocity 0.5 mm / min) with several 

pauses for microstructure analysis, the jaws shift was interrupted, which was followed by 15 s relaxation of 
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material. Within this period, to prevent data log overflow, the sampling was paused manually allowing enough 

time (10 - 20 minutes) for EBSD maps or SEM images to be acquired. These manual pauses caused the sharp 
drops in the measured load in the scheduled pause period. (Figure 2) Imaging interruptions cover all region 

of stress-strain curve - see Figures 3, 4. Monitored parameters were: load and absolute elongation. After the 

break of the sample, it was dismounted from the tensile stage and the fracture was examined. Images or maps 

from particular elongation pauses were compared to illustrate the deformation.  

3. RESULTS AND DISCUSSION 

Experiments focused on crack initiation and propagation are already well mastered starting with sample 

preparation to the sample break and can provide nice view of the microstructure changes and deformation of 

the material.  

 

Figure 3 SE image of a round sample (internal label 19436-VS3) before (left) and after (right) the tensile test 

 

Figure 4 Different stages of crack development (round sample 19436-VS3). Left: initation, right: crack 

spread during plastic deformation 

Table 1 shows the changes in the microstructure by extension of one particular grain during different phases 

of the tensile test. Elongation (ε) was calculated from the images proportions (image piling with 3 fixed points) 

and at the end of the test, when the sample breaks is 54.9 %. Δl is absolute elongation of the sample, starting 
length was 45 mm, F is load. Last two images also display the deformation of the surface, where some “waves” 

can be seen. For SE it is not such a problem while the sample is perpendicular to the electron beam however 

some particles from the material can raise up from the surface and disturb the signal by shading or charging.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

666 

Table 3 SEM images of the same region in continuing deformation 

Δl [mm] F [N] ε [%] SEM 
0 0 0 

 
1.00 1 563 3.5 

 
1.50 2 009 10.3 

 
2.00 2 212 24.0 

 
2.5 (break) 54.9 

 

EBSD mapping requires longer acquisition than SE analysis this means that tensile test needs to be interrupted 
prior to each mapping. A typical course of a tensile test with EBSD is shown in Figure 2. Following table shows 

not only signal loss for EBSD analysis due to surface deformation but it can be seen how particular grains are 
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deformed (tensile force works in a horizontal direction) and also one of the ferritic grains (light blue on IPF-Z 

map) is transformed into two grains. 

Table 4 Band contrast, inverse pole figure and phase map derived from EBSD analysis of the microstructure  

  development during tensile test. Images from 6 positions are shown, starting before the experiment  

  (elongation, ε = 0 %, and engineering stress σe = 0 MPa)  

ε [%] σe [MPa] Band contrast IPF-Z Phase map 

0 0 

   

4.4 314 

   

9.3 492 

   

14.4 597 

   

19.3 664 

   

29.3 729 

   

 

Figure 5 Necking of the sample 
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Difficulties of in-situ testing are mainly connected with surface deformation, which particularly for EBSD is 

crucial. Mainly in later phases of plastic deformation, there is significant signal loss of EBSD patterns and 

growing zero solutions positions due to rippled surface of the sample caused by necking (Figure 5). Other 

situations can occur when there is a high number of inlets in the sample which behave differently than the rest 

of the material and can pop up. These inlets then form barriers which cause shadow (or have charging effects) 

on sample surface. 

Necking of the sample leads to the loss of alignment with EBSD detector, which is a necessity for EBSD 

analysis. Several possibilities can offer to minimize this effect none of them is very suitable. When choosing a 

site for EBSD maps it is difficult to guess total loss of the signal at later phases of the experiment. It is possible 

to have several examination sites and to analyse all of them at each stage. This however extends acquisition 

time very much and also it can need a change of settings for EBSD (required for example by shading of the 

stage on EBSD detector). Other option is to choose site not so close to the region of plastic deformation, this 

however does not show processes of the main focus. Next, if the structure consist of combination of big grains 

and small islands of retained austenite, it is likely that austenitic region will be affected by signal loss much 

more than the grain region. This is also something what is in contrary to the focus when following the austenitic 

changes in the material. Experimental work is still in process in the focus are possibilities of reducing the signal 

loss at higher stages of deformation. 

4. CONCLUSION 

Possibilities of imaging microstructure of steel sample during tensile testing are shown. For experimental work 

were used samples cut from high strength low-alloyed TRIP steel. All experiments were made using in-situ 

tensile stage compatible with SEM enabling either SE or EBSD analyses. To obtain good results, preparation 

of samples must be excellent. Metallographic grinding, polishing and for EBSD observation electrochemical 

polishing of the surface is required to achieve sufficient EBSD signal. However, deformation experiments 

cause deformation of the sample and its surface. This causes signal loss and growing numbers of zero solution 

in the EBSD map.  

Imaging at the early stage of deformation is already mastered some challenges in EBSD mapping at high 

deformation remain. Analysing of the microstructure during tensile testing can provide nice view of changes 

proceeding in the material and thus give important information besides that acquired only from initial and 

resulting state. 
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Abstract  

The microstructure and mechanical properties of high strength low-carbon steel, an austenitic stainless steel 

and the bimetallic semi-product produced from these steels were investigated. Two steels, an S700MC-type 

high strength low-carbon steel and a 316L-type austenitic stainless steel, were used as the layer materials for 

bimetallic semi-product, which was produced by electro-slag cladding. The both steels were subjected to warm 

rolling as a method of thermo-mechanical treatment. The effect of processing conditions on the microstructure 

and mechanical properties of the 316L and S700MC steels and bimetallic semi-product was clarified. The 

ultrafine-grained microstructures with average transverse grain sizes of 530 nm and 950 nm were developed 

in the S700MC and 316L steels, respectively, during warm rolling at 923 K. The developed ultrafine-grained 

microstructures provided similar strength levels with ultimate tensile strengths of 980 MPa and 945 MPa in the 

S700MC and 316L steels, respectively. The warm rolled bimetallic semi-product was characterized by the 

improved combination of high strength and high impact toughness in range from 130 J / cm2 to 540 J / cm2 

depending on the impact test direction.  

Keywords: Austenitic stainless steel, high strength low-carbon steel, bimetallic semi-product, thermo- 

        mechanical treatment 

1. INTRODUCTION 

The layered metallic materials are widely used due to their beneficial property combination providing high 

strength, corrosion resistance, thermal conductivity, heat resistance, wear resistance, etc. Such materials 

usually consist of two or more metallic layers. The main advantage of bimetallic materials is a unique 

combination of properties, which cannot be reached in separate materials. The most promising materials for 

bimetallic materials are high-strength low-alloy (HSLA) steels for base layer and austenitic stainless steels of 

316-type as cladding layer due to their low cost and good combinations of strength, ductility and toughness. 

However, HSLA steels typically exhibit low Charpy V-notch impact energy of 10 - 40 J at lowered temperatures 

[1]. And common disadvantage of austenitic stainless steels is their relatively low yield strengths of 200-400 

MPa, which limits their usage in critical applications [2]. The most effective approaches to decrease DBTT 

concurrently with strengthening of structural steels and alloys are the grain refinement, which can be reached 

with thermomechanical treatment [3-4].  

One of the most effective methods to produce bimetallic materials is electro-slag cladding (ESC) [5]. The high 

strength of joining layers at ESC is reached due to a compound of metals in the liquid state when the cladding 

material is mixed with the partially fused metal of the base layer. The method of ESC with appropriate 

technology can ensure the optimal chemical composition, structure and properties of the layers and fusion 

zone and become the basis for the production of high-strength new corrosion-resistant bimetals. Thus, the aim 

of the present study is to clarify the effect of thermomechanical treatment on the microstructure and mechanical 

properties, especially, fracture toughness of bimetallic semi-product. In order to understand the deformation 

behavior of base layer and clad layer, the microstructure and mechanical properties of the S700MC and 316L 

steels subjected to different treatments were investigated. 
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2. EXPERIMENTAL 

The basic materials for electro-slag cladding were a high-strength low-alloy steel of S700MC (Fe - 0.09C - 

0.12Si - 1.19Cr - 1.55Mn - 0.003P - 0.005S - 0.05 Nb - 0.025Al - 0.05Ti - 0.42Mo - 0.09V - 0.003B, all in mass 

%) and 316L austenitic stainless steel (Fe - 0.04C - 0.4Si - 1.7Mn - 17.3Cr - 10.7Ni - 2.0Mo - 0.04P - 0.05S - 

0.09V - 0.04Ti - 0.05Nb - 0.4Cu - 0.19Co, all in mass %). The high-strength low-alloy steel was subjected to 

homogenization annealing followed by hot forging at a temperature of 1423 K. The chosen processing method 

included quenching from 1373 K, tempering at 923 K for 1 h and rolling at tempering temperature (tempforming) 

to a total strain of 1.5. A 316L-type austenitic stainless steel was hot forged at 1373 K followed by air cooling. 

The starting material was characterized by an average grain size of 21 µm and an average dislocation density 

of 2.3 × 1012 m-2. The plate rolling of austenitic stainless steel was carried out at 923 K to the total true strain 

of 1.2. Two steels, S700MC and a 316L, were used as the base and cladding layers for bimetallic semi-product, 

which was produced by electro-slag cladding.  

The structural observations were performed on the RD-ND sections (RD is the rolling direction, ND is the 

normal direction), using a Quanta 600 FEG scanning electron microscope equipped with an electron back 

scattering diffraction pattern (EBSP) analyzer incorporating an orientation imaging microscopy (OIM) system. 

The mean grain size was evaluated on the OIM micrographs as an average distance between high-angle 

boundaries with misorientation of θ ≥ 15°. The samples for structural characterizations were electro-polished 

using an electrolyte containing 10 % perchloric acid and 90 % acetic acid at a voltage of 20 V at room 

temperature.  

Tensile tests were carried out using an Instron 5882 testing machine. The tensile specimens with gauge 

dimensions of 12 mm in length, 3 mm in width and 1.5 mm in thickness were prepared with the tensile direction 

along RD. The specimens were tested at ambient temperature at a crosshead rate of 2 mm / min. Standard 

Charpy V-notch specimens were tested using an Instron 450 J impact machine (Model SI-1M) with an Instron 

Dynatup Impulse data acquisition system at temperatures ranging from 77 to 293 K.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure and mechanical properties of S700MC and 316L steels 

Typical microstructures of the present steels subjected to warm rolling are shown in Figure 1. The tempforming 

of a low-alloy S700MC-type steel led to the evolution of ultrafine grained microstructure consisting of grains 
elongated along RD. The mean transverse grain size is 530 nm (Figure 1a). The tempformed steel is 

characterized by strong 〈001〉 ∣∣ ND and 〈111〉 ∣∣ ND fiber textures (corresponding to red and blue colors, 

respectively, in Figure 1a). It was shown that intensity of the {100} 〈110〉 texture increases in low-carbon steels 

during multi-pass warm plate rolling at temperatures of 813 - 923 K [4, 6]. Indeed, the highest relative intensity 

of 5 was obtained for 〈001〉 ∣∣ ND texture component. The tempformed microstructure of high strength low-

carbon steel is characterized by the formation of dispersed carbides at various boundaries / subboundaries of 

laths, blocks, packets and prior austenite grains [4]. 

The microstructure of 316L-type austenitic stainless steel that evolves during rolling is characterized by an 

elongation of original grains along the rolling axis and corresponding axial alignment of strain-induced grain 
boundaries (Figure 1b). As a result, the developed microstructure consists of elongated grains with the mean 

transverse grain size of 1.3 µm. The presence of well-developed spatial subboundary net, some portions in 

which exhibit high-angle misorientations and look like incomplete grain boundaries in the grain interiors, is 

indicative of continuous DRX as the main mechanism responsible for the microstructure evolution during rolling 

at 923 K [5, 6]. Also the frequently corrugated grain boundaries suggest a possibility of partial contribution of 

discontinuous DRX to the development of new fine grains at boundaries of elongated grains. It should also be 

noted that the warm rolling of austenitic steel does not lead to any specific texture development. The fiber 
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texture of <101> ∣∣ ND, which is inherent in face centered cubic metals, is alternated with various orientations 

including <111> ∣∣ ND and <100> ∣∣ ND in Figure 1b. 

 

Figure 1 Microstructures developed in an S700MC-type steel through tempforming (a) and warm rolled 

austenitic stainless steel (b). Colors correspond to the crystallographic direction along the normal direction 

(ND) 

The tensile properties of the tempformed S700MC steel characterized by almost the same ultimate tensile 

strength and yield strength of 1100 and 1090 MPa, respectively. The tempforming significantly increases the 

strength due to the formation of ultrafine grain layered structure. An increase in the strength after tempforming 

is accompanied by a decrease in total elongation to 9 %. Rolling at temperature of 923 K resulted in remarkable 

strengthening of 316L austenitic stainless steel. The room temperature yield strength increases from 230 MPa 

to 870 MPa after warm rolling. Correspondingly, the strengthening is accompanied by a degradation of 

plasticity. 

3.2. Impact toughness of S700MC and 316L steels 

The Charpy V-notch impact absorbed energy of the tempformed S700MC and warm rolled 316L steels at 
different test temperatures is presented in Table 1. The Charpy test specimens from the tempformed S700MC 

steel were not completely broken at T ≥ 233 K after impact tests with the impact direction ∣∣ ND. Therefore, the 
real values of the V-notch impact energy at these temperatures should be higher than indicated in Table 1. 

These specimens exhibit superior delamination toughness. The high impact energy of 109 J / cm2 is obtained 

even at liquid nitrogen temperature.  

Table 1 The Charpy V-notch impact absorbed energy (KCV, J / cm2) of the S700MC and 316L steel at different  

  temperatures 

Test temperature, K  293 263 233 213 183 77 

S700MC 436 428 463 360 303 99 

316L 78 95 87 75 80 97 

The microstructure of bimetallic semi-products obtained by electro-slag cladding is shown in Figure 2. The 

joint of bimetallic material is characterized by mixed microstructure with average thickness of the fusion zone 

of about 60 µm (Figures 2 a, b).  
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Figure 2 Microstructures of a bimetallic material produced by electro-slag cladding: (a) general view, (b) joint 

of bimetal, (c) austenitic stainless steel and (d) low-carbon high-strength steel 

 

Figure 3 Microstructures of a bimetallic material produced by electro-slag cladding and subsequent 

thermomecanical treatment: (a) general view, (b) joint of bimetal, (c) austenitic stainless steel and (d) low-

carbon high-strength steel 

The base layer of the bimetallic sample, i.e., the low-carbon high-strength S700MC steel, is composed of the 

tempered martensite lath structure, in which prior austenite grains are subdivided into packets and blocks of 
martensite laths (Figure 2c). The cladding layer from 316L austenitic stainless steel consists of equiaxed 
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austenite grains (Figure 2d). The micro-hardness of bimetallic semi-product in the fusion zone is about 2300 

MPa, while the hardness of the base layer and clad layer are 3400 and 2300 MPa, respectively.  

The structure characterization of bimetallic material in different zone subjected to thermomechanical treatment 
is presented in Figure 3. The fusion zone of bimetallic semi-product after warm rolling is hardly distinguishable 

on SEM images and the average thickness is approximately 4 µm (Figures 3a, b). The structures of both 

layers from S700MC and 316L steels after deformation are characterized by elongated grains along the rolling 

direction. The resulting microstructures of layers after electro-slag cladding and warm rolling correlate with the 

structures of the S700MC and 316L austenitic stainless steels subjected to temp-forming and warm rolling. 

The warm rolling of bimetallic semi-product leads to increasing the micro-hardness in cladding layer up to 3300 

MPa. While the hardness in the fusion zone remains at the same level (∼ 2300 MPa). 

3.4.  Impact toughness of bimetallic semi-products 

The impact toughness of the bimetallic samples obtained by electro-slag cladding was measured in two 
directions, as shown in Figure 4a. The impact toughness of the specimen with V-noth in based layer is more 

than two times higher than the impact toughness of the specimen with V-noth in cladding layer and corresponds 

to 267 and 82 J / cm2, respectively. The load-displacement curve of the former is typical for ausformed low-

carbon high-strength S700MC steel tested at room temperature [4]. The total fracture energy is consumed 

during the initiation of crack with critical dimension and the stage of stable crack propagation. 

 
Figure 4 The Charpy V-notched specimens and the load-deflection curves after impact tests of bimetallic 

material produced by electro-slag cladding (a) and subsequent thermomecanical treatment (b) 

After warm rolling the impact toughness of the bimetallic specimens significantly increases in respective 
directions (Figure 4 b). The impact test of the specimen 1 is characterized by a brittle fracture of S700MC 

steel and viscous fracture of austenitic steel and KCV reached to 127 J / cm2 (Figure 4 b). The Charpy 

specimen 3 with V-notch in base layer exhibit delaminations, i.e., the cracks branch along the impact test 

specimens, and zigzag-shaped cracks appear. In this case, the bimetal demonstrates the maximum of impact 

toughness is about 539 J / cm2. The Charpy specimens with V-notch in base layer and cladding layer do not 
separate into two pieces after impact test at 293 K (Figure 4b).  
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4. CONCLUSION 

The S700MC-type steel subjected to tempforming at 923 K is characterized by the formation of ultrafine grain 

structure with an average transverse grain size of 530 nm and strong 〈111〉 ∣∣ ND and 〈001〉 ∣∣ ND fiber textures. 

Warm rolling of the 316L austenitic stainless steel at 923 K resulted in development of highly elongated grains, 

which interleaved with ultra-fine grains. The thermomechanical treatments of both investigated steels were 

accompanied by significant strengthening. The ultimate tensile strength of S700MC and 316L steels after 

deformation reached 1100 and 900 MPa, respectively. The tempformed S700MC steel is characterized by 

extremely high impact toughness in a wide range of test temperatures. This high fracture toughness is 

attributed to the delamination, when the fracture occurs by cleavage along the rolling plane with large energy 

absorption. The electro-slag cladding led to the development of good joint. The average thickness of the fusion 

zone in bimetallic semi-product after thermomechanical treatment decreased from 60 to 4 µm. The structures 

of basic layer and cladding layer correspond to the structures, which were formed in S700MC and 316L steels 

after separate treatments. The maximum value of impact toughness is achieved in specimens with V-notch in 

the base layer and exceeds 539 J / cm2. In this case, the bimetallic material is characterized by the delamination 

of S700MC, which prevents the fracture of cladding layer from austenitic stainless steel.  
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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 work was to determinate the 

distribution of displacements and deformations on the surface of samples with different cross-sections and 

made of different materials during the bending test. The measurement was used basically to estimate the 

deflection line of the bending beams and at different points of the cross-section. Measurement was carried out 

by tracing the displacement of the prepared surface of the bending sample. In the paper, the results of the 

studies show the displacement and deformation fields for different bending steps of flat samples. A numerical 

model of the bending process was also developed to compare the results with experimental studies.  

Keywords: Displacements, 3D image correlation system, bending test 

1. INTRODUCTION 

The bending test is one of the static methods for determining the strength properties of engineering materials. 

The conditions of bending test are included in the PN-EN ISO 7438 standard. It can be performed both at room 

(ambient) temperature and at reduced or elevated temperature. 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 
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analysis [3-5]. When cameras record a test object from different pages, the position of each point of the object 

is 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 [4].  

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, The type of algorithm, the size of the set of 

points, the overlap of the set of points, etc. [6,7]. Well 

optimized input parameters allow obtain very accurate 

results.  

3. THE RESEARCH OF MECHANICAL PHENOMENA  

Bending 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 
displacement (without a touch extensometer, Figure 2).  

 

Figure 2 System of measuring  

Beam of square section (25mm x 25mm) made of stainless steel 1.4301 loaded in subsequent attempts of 

forces from 10 kN to 25 kN with increments for every attempt what 5 kN. The Dantec system, during the 

bending test, took pictures with frequency 10 Hz (0.1 s). The measuring apparatus was set at a distance of 
about 97 cm from the object under test, Figures 3 - 6.  

Figure 1 View of the surface [3] 
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Figure 3 Scheme of considered systems  

In strength calculations, patterns based on assumptions are commonly used, although they are rarely 

practically met. More general bending descriptions are known that do not depart from these assumptions, but 

the benefits of their practical use are generally small compared to the complexity of the calculations they cause 

[8]. Flexural strength is a conventional quantity. It can be treated as a comparative quantity for the evaluation 

of different materials.  

 

Figure 4 Square beam 25 mm x 25 mm stainless steel 1.4301  
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Figure 5 Displacements distributions along the axis X  
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Figure 6 Displacements distributions along the axis X 

 

Figure 7 The results of numerical simulation (displacement Uy)  

A numerical simulation of the bending process was carried out, the results of which are shown in Figure 7. 

The maximum values of displacements in nodes were determined at various stages of the loading process, 
and the results are presented in Table 1.  

The distributions of displacement Uy in a bending sample of the material shows Figures 5 - 6. Marked on the 

image line corresponds to a central axis of the sample, wherein the graphs are compared displacements for 

the different forces carried out. Comparison of distributions displacement Uy for the 10, 15, 20, 25 forces [kN] 
and at the on three different measuring lines is shown below Figures 4 - 6.  
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Table 1 Comparison of results for bending the beam 

 Force [kN] Dantec systems SolidWorks Analitycal method  

Displacement [mm] 

10 0.3727 0.4601 0.4424 

15 0.5531 0.6902 0.636 

20 0.8032 0.9203 0.8847 

25 1.597 1.150 1.106 

4. CONCLUSION 

After analyzing the results, a fairly large convergence of results is noticed. The values of displacements 

received from the experience carried out using the Dantec system are burdened with the biggest error. This 

may be caused by too low a frequency of making a relic during the measurement process. The results obtained 

from analytical calculations are very similar to those from numerical simulation. 

The use of the 3D optical correlation system allowed the analysis of displacements and deformations on the 

whole surface of the sample and in the control area of the measurement or on the measuring section. The use 

of the system allowed for the analysis of deformation during bending test. The obtained results can be very 

helpful in the experimental verification of mathematical models and numerical mechanical phenomena in which 

deformation occurs.  
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Abstract  

9 % Cr martensitic steels are perspective candidates for elements of boilers, steam pipes and tubes for novel 

fossil fuel power plants which are able to work at ultra-supercritical parameters of steam (T = 600 - 620 °C, P 

= 25 - 30 MPa). Crept structure and creep properties of 0.1С-9Сr-3Co-3W-VNbBN steel after creep tests at 

650 °C under a stress of 100 - 220 MPa with a step of 20 MPa were studied. During first 5.000 h, Laves phase 

particles are essentially stable their sizes remain unchanged, while after 5.000 h the extensive coarsening of 

these precipitates starts to occur. The coarsening of the Laves phase particles was also calculated using the 

Prisma software. The results of the calculations are corroborated by experimental observations. There are 

three features of microstructural evolution of the Laves phase particles during creep in the steel studied. First, 

volume fraction of Laves phase increases with time. Second, there is well-defined peak in the size distribution 

of Laves phase. Third, interfacial energy of Laves phase changes with transition from short-term creep to long-

term creep.  

Keywords: Creep-resistant steel, tempered lath martensite, Ostwald ripening, Laves phase particles 

1. INTRODUCTION 

Creep-resistant 9 % Cr martensitic steels are widely used as materials for fossil power plants working at 

temperatures up to 620 °C [1-2]. The improvement of the creep strength of 9 % Cr martensitic steels is 

achieved by formation of tempered martensite lath structure, which is stabilized at the expense of the 

precipitation hardening during creep [1]. M23C6 carbides precipitate along boundaries of prior austenite grains 

(PAGs) and laths during tempering and pin migration of boundaries under creep condition, MX carbonitrides 

precipitate inside martensitic laths and serve as obstacles for movement of dislocations, Laves phase 

precipitate, mainly, at PAG boundaries during creep or ageing at 550 - 650 °C [1,3,4].The coarsening of M23C6 

carbides, MX carbonitrides and the Laves phase particles deteriorates the creep strength. An effective way to 

slow down the particle coarsening is to optimize the content of the elements, which suppress diffusion-

controlled processes, such as cobalt or/and tungsten. The addition of 3 % Co in P92-type steel positively 

affects the long-term creep strength because of decreasing diffusion of alloying elements [5]. Efficiency of W 

as alloying element in hindering the diffusion is much higher than that of Co. As a result, W is known as 

effective alloying additive to enhance creep resistance of the high-chromium martensitic steels. However, in 

contrast with cobalt, the tungsten has limited solubility within the ferrite, and their excessive content leads to 

the precipitation of such W-rich particles as Laves phase (Fe2W) or М6С carbides [1,5-8]. 

There are a lot of studies focused on the development and investigation of creep-resistant steels with improved 

long-term creep strength [1-4]. Now, special attention is given to the stability of MX carbonitrides and M23C6 

carbides during high-temperature creep [9-11], but the stability of the Laves phase particles is an open 

question. Moreover, the evolution and stabilization of the Laves phase particles in creep-resistant martensitic 

steels have not been studied in detail. The aim of the present paper is to clarify the coarsening behavior of 

Laves phase particles in high-Cr steel with 3 % Co and 3 % W during creep at 650 °C.  
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2. EXPERIMENTAL PROCEDURE 

Here denoted steel as 9Cr3W, with the chemical composition (in wt. %) Fe (bal.), 0.12C, 9.5Cr, 3.2Co, 3.1W, 

0.45Mo, 0.06Si, 0.2Mn, 0.2V, 0.06Nb, 0.05N, 0.005B, was prepared by air melting as 20 kg ingots. Square 

bars with a 13 x 13 mm2 cross-section were cast and hot forged by the Central Research Institute for Machine-

Building Technology, Moscow, Russia. This steel was solution treated at 1050 °C for 0.5 h, cooled in air, and 

subsequently tempered at 750 °C for 3 h. Flat specimens with a gauge length of 25 mm and a cross section 

of 7 × 3 mm2 and cylindrical specimens with gauge length of 100 mm and a 10 mm diameter were crept until 

rupture at 650 °C under an applied stress ranging from 100 to 220 MPa with a step of 20 MPa. The structural 

characterization was carried out using a transmission electron microscope JEOL-2100 (TEM) with an INCA 

energy dispersive X-ray spectrometer (EDS) and a Quanta 600FEG scanning electron microscope (SEM) on 

ruptured creep specimens. Identification of the precipitates was performed based of combination of EDS 

composition measurements of the metallic elements using the manufacturer's library of internal reference 

standards and indexing of the electron diffraction patterns using TEM. М6С carbides and Laves phase particles 

were separated from each other using TEM EDS composition measurements and using the particle size 

distribution. The TEM specimens were prepared by electro polishing at room temperature using a solution of 

10 % perchloric acid in glacial acetic acid with Struers «Tenupol-5» machine. The precipitates were identified 

from both the chemical analysis and the selected-area diffraction method on at least 200 particles on the each 

portion by using extraction carbon replicas. The carbon replicas were prepared by using Q 150REQuorum 

vacuum deposition machine. The volume fractions of the precipitated phases were calculated using the 

Thermo-Calc software with the TCFE7 database. The following phases were selected independently for 

calculation: BCC, FCC, M23C6 carbide, Laves phase (Fe2(W,Mo) (C14). The particle coarsening kinetic was 

calculated using Prisma-software on the base Calphad Database Calculation with the kinetic MOBFE1 and 
the thermodynamic TCFE6 databases. The model compositions consisting of Fe, Cr, Mo, W and Co in 

accordance with the chemical composition of the steels studied were used for estimating the coarsening of the 

Laves phase particles assuming that a grain boundary is a nucleation site. The interfacial energy was 

estimated by the comparison of calculated kinetic of the particle growth using the Prisma-software and the 

experimental data [5]. 

3. RESULTS AND DISCUSSION  

The effect of tempering on the structural changes in the present steel was detailed elsewhere [12]. The mean 

PAG size is approximately 20 μm, the mean transverse lath size is ~400 nm and the dislocation density is 

about 2×1014 m-2 that is in a good agreement with other investigations of 9 % Cr martensitic steels after 

tempering [3,6,7,9,10]. The mean size of М23С6 carbides is about 90 nm after tempering at T = 750 °C. 

Boundary W-rich M6C carbides and Laves phase particles were observed [12]. Some Laves phase particles 

with a mean size of 90 nm were surrounded by M23C6 carbides, whereas large M6C particles with a mean size 

more than 300 nm were located separately from other particles. V-rich MX carbonitrides have a mean 

longitudinal size of 20 nm. Nb-rich MX carbonitrides with round shape have an average size of ~40 nm. The 

solubility of (3W+0.5Mo - in wt. %) excesses the thermodynamically equilibrium solubility limit at the tempering 

temperature of 750 °C.  

The results of the structural investigations after creep tests at 650 °C are summarized in Table 1. The plastic 

deformation during creep test strongly affected the sub-structural changes. The lath size in the gauge section 

increased almost 1.5 times after 500 h of creep. A further increase in the test time was accompanied by the 
continuous increase of lath size and decrease of dislocation density (Table 1). Laves phase precipitates at 

elevated temperatures during long-term tests. Figure 1 shows the Laves phase particles, which were formed 

after 50 h (а), 454 h (b), 3,489 h (c) and 15,998 h (d) in the gauge section of crept specimens along with the 

EDS data for the indicated particles.  
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Table 1 Some structural parameters of the 9 %Cr martensitic steel with after tempering and creep at 650 °C  

  in the gauge section 

Parameters Lath size, nm 
Dislocation 

density, ×1014 /  m2 

Laves 
Precipitate 

size, nm 

W content in the 
solid solution, wt. 

% 

Tempered at 750 °C 400 ± 55 2.0 ± 0.9 90 ± 20 3.56 ± 0.5 

Crept at 220 MPa, 50 h  410 ± 85 1.3 ± 0.7 93 ± 20 2.72 ± 0.3 

Crept at 180 MPa, 454 h 590 ± 90 1.1 ± 0.5 108 ± 30 1.43 ± 0.2 

Crept at 140 MPa, 3.489 h 610 ± 70 1.0 ± 0.5 130 ± 40 1.24 ± 0.2 

Crept at 100 MPa, 15.998 h 770 ± 115 0.5 ± 0.04 550 ± 160 1.03 ± 0.1 

 

Figure 1 Precipitation of Laves phase in the gauge section of the specimen crept at 650 °C for 50 h (a), 454 

h (b), 3,489 h (c), 15.998 h (d). The amount of main elements in the particles is indicated in atomic% 

measured from extraction carbon replicas by EDS with TEM 

The precipitation of the Laves phase particles is accompanied by the depletion of excess W from the solid 
solution (Table 1). The precipitation of the Laves phase particles in the present steel after 50 h of creep is 

observed mainly at the boundaries of PAGs and martensitic laths (Figure 1a). The Laves phase particles 

precipitated under tempering remain their size of ~100 nm up to 3.489 h. Then, the rapid coarsening of Laves 
phase starts to occur, and their average size attains ~550 nm after creep time of 15.998 h (Figure 1d).  

The calculation of the particle growth kinetic using the Prisma-software was carried out (Figure 2) for the 

model alloy consisting of Fe, Cr, Mo, W and Co in accordance with the chemical composition of the steel 

studied for the exposure time of 20.000 h. On the base of comparison of these theoretically predicted curves 

with experimental data (particle sizes measured using TEM in the gauge sections of the crept specimens after 
creep tests at 650 °C under the different applied stresses), the value of the interfacial energy γ of the Laves 

phase particles was estimated (Figure 2).  
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The interfacial energy γ between the precipitates and the ferritic matrix affects the particle coarsening and their 

final size under creep conditions. A good agreement with the experimental data was obtained with the 
interfacial energy of 0.53 J / m2 (Figure 2). However, the point at 15,998 h cannot be described by the 

interfacial energy of 0.53 J / m2. So, the value of the interfacial energy increases from 0.53 to 0.78 J / m2 after 

~5.000 h of exposure at 650 °C. The interfacial energy of 0.5 - 0.8 J / m2 indicates the incoherent boundary 

between the Laves phase particle and the ferritic matrix that is in accordance with the microstructure 

observations. 

 

Figure 2 Time dependence of the radius of Laves phase particle in the steel studied during creep. Circle 

points are the experimental data for the steel studied; solid lines are the calculated curves obtained by 

Prisma-software for the model steel 

Therefore, the Laves phase size is determined by two concurrent processes, i.e., particle precipitation and 

particle coarsening, during the short-term creep [13]. The low value of growth rate of the Laves phase particles 

in the short-term creep can be associated with continuous precipitation of new fine Laves phase particles from 

solid solution. On the other hand, the Laves phase precipitation is fully complete for 1.703 h of creep test. 
Thus, the coarsening behavior during creep is associated with coarsening of the precipitated particles resulting 

in an increase in the coarsening rate [13].  

The mean size of Laves phase particles is unchangeable for about 3.489 h in the 9Cr3W steel. The high W 

content in the solid solution leads to the initial narrow size distribution of the Laves phase particles in the 
9Cr3W steel (Figure 3a).  

 

Figure 3 The size distribution of the Laves phase particle in the steel studied during creep 
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Despite the rapid decrease in W content in the solid solution of the 9Cr3W steel (Table 1) for first 500 h of 

creep tests, no significant changes in the size distribution of the Laves phase particles ranging 50 - 500 h of 
creep tests have been found (Figure 3b). However, after 1,703 h of creep tests, the large fraction of the fine 

Laves phase particles precipitates that leads to appearance of bimodal size distribution (Figure 3c). At the 

same time, W content in the solid solution almost reaches an equal value (Table 1). The bimodal distribution 

is kept for 3,489 h, until the fraction of coarse particles is less 10 % (Figure 3d). With increasing creep time 

the peak of the size distribution is shifted to the side of larger sizes, and the standard unimodal distribution 
with the very large particles (up to 2 μm) takes place after creep test for 15,998 h (Figure 3e).  

The precipitation of the Laves phase particles at boundaries of PAGs and laths [5,8,10,13] indicates that their 

coarsening rate is controlled by the grain boundary diffusion. In this case, the continuous growth of the Laves 
phase particles (Figure 2) should obey the following relationship [10,14,15]: 

dn - d0
n =Kpτ ,            (1) 

where d is the particle size at the time, d0 is the initial particle size, Kp is the constant of growth rate, τ is the 

time, the coefficient n depends on the coarsening mechanism: n  = 4 corresponds to the mechanism of the 

grain boundary diffusion. The interfacial energy γ between the matrix and the particles is a very important 

characteristic of particle coarsening because it is included in the value of the rate constant Kp [13,15-17]. The 

value of theoretical rate constant Ktheory = 5 × 10-34 m4 / s1 for the 9 % Cr martensitic steels was reported in [13] 

suggesting γ  = 1 J / m2.  

 
Figure 4 The dependence of the Laves phase particle size on the creep time at 650 °С in the gauge 

section of the 9Cr3W steel. The coarsening rate constant is also provided. 

Creep deformation induces an increase in the interfacial energy between the Laves phase particles and matrix 

that affects the coarsening rate constant. The growth behavior of precipitation in the gauge sections of the 
specimen during creep test for γ = 0.53 J / m2 (the tempered point and crept points at 220, 200, 180, 160 and 

140 MPa) and for γ = 0.78 J / m2 (crept points at 140 and 100 MPa) is illustrated in Figure 4. The theoretical 

rate constant is in a good agreement with the experimental one at γ = 0.78 J m-2, which is 18 × 10-34 m4 / s. 

However, for γ  = 0.53 J / m2, the coarsening rate constant Kp is a two orders of magnitude less than theoretical 

rate constant Ktheory and coarsening rate constant for 3.489 - 15.998 h. At γ = 0.78 J / m2, the coarsening of the 

Laves phase particles during creep for 3,489-15,998 h is controlled by the grain boundary diffusion. Actually, 
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at γ = 0.53 J / m2, the size stabilization of the Laves phase particles is observed in the 9Cr3W steel for first 

3,500 h of creep, and particle coarsening cannot be described in terms of grain boundary diffusion.  

4. CONCLUSION 

The evolution of the Laves phase particles in 3 % Co-modified P92-type steel with 3 % W under creep test at 

650 °С was investigated. The Laves phase particles were observed after creep for 50 h. The average size of 

the Laves phase particles retained less than 150 nm during creep for 3.500 h. Then, the average size of the 

particles increases with an increase in the creep time. The creep deformation induces an increase in the 

interfacial energy of the Laves phase particles from 0.53 to 0.78 J / m2 that correspond to an increase in the 

coarsening rate constant from 10-36 to 10-34 m4 s-1. The coarsening of the Laves phase particles during creep 

for ~3,500 - 16,000 h is controlled by grain boundary diffusion and can be described by R4 - R04 = Kpτ relation, 

where Kp = 18 × 10-34 m4 s-1. 
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Abstract 

Resistance spot welds (RSW) are one of the main joining technologies of thin plates in automotive industry. 

Key factors affecting the strength of the RSW joint are the nugget diameter, asymmetry, expulsions, intended 

surfaces, and presence of cracks. Despite its broad use, the weld quality verification is limited only to 

destructive testing and small number of NDT methods. Most of the testing is done destructively by sampling, 

which assesses only systematic defects. Ultrasonic Testing is the most used NDT method to detect 

nonsystematic defects in the RSW joints however the probability of defect detection (POD) of conventional 

testing technique is not fully satisfactory. Other approaches were invented to deal with this situation. The article 

compares the currently most used NDT approach with other options and discusses its usability and mutual 
interchangeability. 

Keywords: Automotive, resistance spot welding, thermography, ultrasonic testing, probability of detection 

1. INTRODUCTION 

Resistance spot welding is a method of mechanical joining of materials by heat and pressure that allows high 

productivity. This method is used especially in automotive industry for production of car bodies. 

There is a list of factors affecting the quality of resulting weld joint. The most important are stable electrode 

contact, malfunction of welding equipment, main welding parameters, quality of electrodes, and quality of the 

sheets surface. For this reason it is necessary to test the spot welds to assess the information about the weld 

quality and to have a feedback on the welding process [1-3].  

Spot welds are often tested by a range of destructive testing methods that can assess systematic defects of 

the joint. The non-systematic defects are tested by nondestructive testing, mainly by visual (VT) and ultrasonic 

(UT) methods. This article discusses utilization of a new application of the thermography testing (IRT) for 

assessment of weld the quality and a feedback on welding process setup. 

2. INDUCED HEAT AND TEMPERATURE 

Resistance spot welding uses the so-called Joule’s heat created by welding current flowing though the welded 

materials. The spot weld is created when current flows through the welded parts that are being simultaneously 

pressed together. Due to the electrical resistance on the place of connection of the welded materials the 

material is melted, simultaneously pressed together, and such a way the metallurgical joint is created. The 

heat is therefore created directly inside the welded material, and is not introduced from outside. The joint is 

created by flow of the electric current and the electrode force during a specific time interval. 

The total induced heat Q is the higher the higher is the electric current @ ���, the higher is the electric resistance 

; �Ω� and the longer is the time interval of the flow ½ ���. That’s the known Joule-Lenz formula: 

V � B ∙ @ ∙ ½ � ; ∙ @& ∙ ½ (1) 
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Induced heat is not constant in the whole area. It is concentrated in the area of the highest resistance. There 

are several partial electrical resistances affecting the total resistance ;. The current flowing through the 

material in a column with a diameter equal to the approximate electrode diameter shall overcome the transition 

resistance ;� between the electrode and the material, the resistance of the material ;Ã affected by the 

thickness ℎ and the specific resistance of the material. The highest value among the partial resistances has 

the transition resistance ;J between the joined materials. The resulting total resistance is therefore: 

; � ;ÃD + ;Ã& + ;�D + ;�& + ;J  (2) 

 

Figure 1 Items of total resistance RSV in welding joint [1] 

The highest induced heat is created on resistance ;J where the weld joint is created. Undesirable resistance 

heat created by transition resistances ;� are partially affected by electrode force in the contact area and the 

conductivity of electrode tips. In order to avoid damage of the sheet surface by e.g. burning i tis necessary to 

ensure minimal transition resistance ;�. For this reason the surface of electrodes and the welded 

materials shall be perfectly clean. Material resistances ;Ã are provided by physical and mechanical 

properties of the welded materials, the thickness h, weld design, and the cross-section of the current flow. The 

welding process is therefore affected also by properties of welded materials, especially material type, 

thickness, anticorrosion coating and number of sheets in the in the weld [4].Total resistance items of welding 
joint can be seen in Figure 1. 

3. RESISTANCE SPOT WELDING OF GALVANIZED SHEET METALS  

The modern automotive industry, in order to ensure corrosion protection, utilizes galvanized sheet metals more 

and more every day. Galvanization however significantly affects the spot welding process of sheets. As 

explained by Matoušek [4], galvanization reduces the initial resistance and for this reason the temperature 

curve has smaller slope than it is necessary for good melting in the given time interval. That can be 

compensated by increase of the welding current. This area is limited from the top by creation of weld spatter 

(high current) and from the bottom by small weld nugget (low current). High current results to higher 

temperatures causing the softening of electrode (created from Cu alloys). That results in smaller diameter, in 

some cases even cold shuts. Except that softened Cu causes more frequent gluing of the newly used 

electrodes and their faster wear. Increase of contact area reduces the total resistance ; and its partial parts. 

[4] 

Perfect spot weld requires the current flow though the electrodes being as uniform as possible. Uniformity can 
be affected also by relatively low melting temperature of zinc coating that is melting at temperature of 420 °C. 

During the heating process to the meting temperature of the sheet material the zinc coating is melted first, 

alloying the CU electrodes. This alloying process is not uniform and it is generally more prominent in the center 

of the electrode. This changes the transition resistance ;�, that results in fluctuating current flow, irregular 

nuggets or small nugget diameters. 
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4. EXPERIMENT 

The high-strength, deep-drawn steel DC06 (EN 10152), galvanized by Zn, with total thickness ℎ = 0.7 mm and 

coating thickness of 4.5 µm was used. This steel is used e.g. by SKODA Auto for model Škoda Octavia. 

Table 1 Chemical composition and mechanical properties of DC06 steel 

C [%] Mn [%] P [%] S [%] Si [%] Ti [%] Re [MPa] Rm [MPa] A80 [%] 

0.02 0.25 0.02 0.02 0.02 0.3 max 180 270 - 350 41 

135 samples (27 batches by 5 samples) with dimensions 45 x 175 mm were welded by resistance spot welding 

on high-frequency welding device Dalex PMS 11-4. The diameter of the electrodes of 4mm is recommended 

for these joints by ČSN EN ISO 14373 [3]. The selected diameter of 5mm reflects the common practice in 

automotive industry. The welding current was adjusted to this change and its values were reduced (the effect 

of the electric current on required nugget size was discussed by Kolarikova et al. [2]). The samples were 

welded in batches, the settings verification and maintenance was in the time gap between batches. The 

welding parameters were selected from the range of values as follows: welding current @ of 6, 7 or 8 kA (welding 

current of 8kA is considered as exceeding the common practice in automotive industry), welding time ½ of 160, 

180 and 200 ms, and electrode force 9 of 1.9, 2.0, and 2.1 kN. Welding parameters were selected to create 

both satisfactory and unsatisfactory weld joints. 

The welding process was monitored by the thermographic camera FLIR A615 from the distance of 600 mm, 

top view under the 45° angle. Collected thermograms were evaluated by SW Core Player from Workswell s.r.o. 

as a part of bachelor thesis of Mach [5]. Measured temperature values from the thermograms were transformed 

to histograms showing the frequency of occurrence for individual temperatures. Median ��0�D/& a 95-th 

percentile ��0�Ze/Dff was determined from the histogram as the maximal/minimal temperature value are 

subject to high error and thus being considered as outliers and discarded from the evaluation. It was expected 

that the unsatisfactory weld will show median and/or 95-th percentile shift due to altered amount of induced 

heat (e.g. caused by excessive transition resistance ;�). [4] VT of the weld joint was performed after the 

welding followed by UT of internal and structural defects. Olympus Epoch device with V2450 probe for spot 

welds, with water wedge and nominal frequency of 20 MHz and nominal diameter of 4 mm were used for UT. 

The results of the UT are taken from Holub [6]. 

5. RESULTS 

For the purpose of this article 5 batches were selected from the total 27 batches. Batches V8, V9 and V14 

satisfied the requirements for welding parameters setup and batches V19 a V20 didn‘t (I = 8 kA).  

        

Figure 2 Batch V8 - Echogram of the sample V8-3 by ultrasonic testing (left) and histogram of measured 

temperatures from batch V8 by infrared thermography (right). Red bars indicate reach of 95-th percentile. 
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Batch V8 (Figure 2)was welded with I = 6 kA, t = 200 ms, and P = 2.0 kN. Echograms of the samples 

demonstrated linearily decreasing trend with satisfactory amount of backwall echoes. Histogram of the batch 

V8 had the median of temperature ��0�D/&�[ � �36,1 ± 0� °C and 95-th percentile ��0�Ze/Dff�[ � �49,38 ± 0,76� °C 

- see Figure 2. 

        

Figure 3 Batch V9 - Echogram of the sample V9-2 by ultrasonic testing (left) and histogram of measured 

temperatures from batch V9 by infrared thermography (right). Red bars indicate reach of 95-th percentile. 

Batch V9 (Figure 3)was welded with I = 6 kA, t = 200 ms, and P = 2.1 kN. The echogram of sample V9-2 

shown unsatisfactory amount of backwall echoes with values above 20 % FSH, other echograms were in norm. 

Subsequent tests reveiled Cu from the elctrode on the surface. Histogram of the batch V9 had the median of 

temperature��0�D/&�Z � �29,74 ± 0,97� °C and 95-th percentile ��0�Ze/Dff�Z � �39,50 ± 2,64� °C. 

        

Figure 4 Batch V14 - Echogram of the sample V14-2 by ultrasonic testing (left) and histogram of measured 

temperatures from batch V14 by infrared thermography (right). Red bars indicate reach of 95-th percentile. 

Batch V14 (see Figure 4) was welded with I=7kA, t=180ms, P=2.0kN. Echograms of the samples 

demonstrated linearily decreasing trend with satisfactory amount of backwall echoes. Histogram of the batch 

V14 had the median of temperature ��0�D/&�Dd � �37,56 ± 1,38� °C and 95-th percentile ��0�Ze/Dff�Dd �
�51,98 ± 1,89�°C. 

Batch V19 (Figure 5) was welded with I = 8kA, t = 160ms, P = 1,9kN. Echograms of the samples demonstrated 

linearily decreasing trend with only 3 recognizeable backwall echoes. The weld was evaluated as burnt [4]. 

Histogram of the batch V19 had the median of temperature ��0�D/&�DZ � �31,72 ± 1,38� ° and 95-th percentile ��0�Ze/Dff�DZ � �42,86 ± 1,40� °C.  

Batch V20 (Figure 6) was welded with I = 8kA, t = 160 ms, P = 2.0kN. Echograms of the samples demonstrated 

linearily decreasing trend with only 3 recognizeable backwall echoes. The weld was evaluated as burnt [4]. 
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Histogram of the batch V20 had the median of temperature ��0�D/&�&f � �30,93 ± 0,95� °C and 95-th percentile ��0�Ze/Dff�&f � �42,1 ± 2,21� °C. 

       

Figure 5 Batch V19 - Echogram of the sample V19-2 by ultrasonic testing (left) and histogram of measured 

temperatures from batch V19 by infrared thermography (right). Red bars indicate reach of 95-th percentile. 

       

Figure 6 Sample V20 - Echogram of the sample V20-4 by ultrasonic testing (left) and histogram of measured 

temperatures from batch V20 by infrared thermography (right). Red bars indicate reach of 95-th percentile. 

6. DISCUSSION 

In the experiment the welds batches were selected to simulate both, satisfactory (V8, V9, V14) and 

unsatisfactory (V19, V20) requirements of ČSN EN ISO 14373 [3] and the common practice in automotive 

industry. It was assumed that if the welding process shall be obeyed and UT and VT shall not find any 

nonsystematic defects the results of batches V8, V9 and V14 shall satisfy the quality criteria and thus have 

also the same median and/or 95-th percentile of the temperature histogram measured by IRT.  

It is visible from the results that the „unsatisfactory“ batches of V19 and V20 reached average median �Ú�0�ç
�
Eb  ~  31,32 °C and 95-th percentile �Ú�0�Ze/DffEb  ~ 42,48 °C, which is significantly less than for the 

„satisfactory“ batches V8 and V14 with average values of �Ú�0�D/&b  ~ 36,63 °C, resp. �Ú�0�Ze/Dffb  ~ 50,68 °C. These 

differences can´t be considered as the measurement error as the standard deviation Õ measured for each of 

the batches never exceeded ÕG�H�D/&Ã�¯ � 1,38 °C for median values and ÕG�H�Ze/DffÃ�¯ � 2,64 °C for 95-th percentile. 

The differences of the average values between „satisfactory“ and „unsatisfactory“ batches exceeded 3ÕÃ�¯ 

(i.e. �Ú�0�D/&b � �Ú�0�D/&Eb > 3ÕG�H�D/&Ã�¯ , resp. �Ú�0�Ze/Dffb �  �Ú�0�Ze/DffEb  > 3ÕG�H�Ze/DffÃ�¯ ).  

Batch V9 satisfied the requirements of the ČSN EN ISO 14373 [3], nevertheless the IRT measurement found 

median of ��0�D/&�Z � �29,74 ± 0,97� °C and 95-th percentile of ��0�Ze/Dff�Z � �39,50 ± 2,64� °C. The values were 
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within range for “unsatisfactory” batches. Further testing by VT and UT revealed presence of Cu on the sheet 

surface of the sample V9-2, proving gluing of the electrode to the sheet. As these electrodes were maintained 

once the whole batch was welded, this affected the results of the rest 3 samples of the batch V9.  

As noted by Matoušek [4], cleanliness, flatness, and diameter of the electrode tip play significant role in creation 

of quality welds. Wear electrodes have increased transition resistance ;�, that may cause creation of 

systematic defects by excessive heat on the electrodes and subsequent reduction of transition resistance 

;Jresponsible for production of quality (satisfactory) weld, as proven by batch V9. It is necessary to mention 

that the UT and VT methods detected only one unsatisfactory result on the sample V9-2 from the whole batch 

V9. This concludes that the utilization of IRT method may theoretically help with detection of wear and/or 

damage of electrodes causing systematic errors that cannot be detected by other NDT methods. Confirmation 

of this statement is a subject of ongoing research activities and the dissertation thesis of the main author. 

7. CONCLUSION 

The goal of this article was to verify the ability of thermography NDT method to detect low quality welds of 

resistance spot welding. 27 batches per 5 samples were welded with welding parameters selected by ČSN EN 

ISO 14373:2015 and common practice in automotive industry. Part of the samples satisfied the requirements 

and some were designed to do not satisfy them. The samples were tested immediately after welding by 

thermographic camera and the results were compared with conventional NDT methods for spot welds as 

ultrasonic and visual testing 

The results of the article proven that from the histogram of measured temperatures by thermographic camera 

it is possible to find characteristic temperature based on median and 95-th percentile. The quality welds 

demonstrated 18 % higher temperature values than those with low quality (evaluated as unsatisfactory).  

This approach detected melting of electrodes tips and its effect on the whole one batch of samples. This result 

was observed despite the welding process was set to satisfy the requirements of the standard. Other NDT 

methods revealed this situation only on one of the samples and thus incorrectly interpreted the situation as 

nonsystematic defect. The proposed technique therefore may play its role in welding process control to prevent 

wrong welding process setup or its non-compliance or damage or wear of the welding equipment during the 

welding. 
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Abstract 

The paper presents results of studies on the crystallite sizes of oxide layer formed during a long-term operation 

on 13CrMo4-5 steel at an elevated temperature (T=470oC, t=190,000h). This value was determined by a 

method based on analysis of the diffraction line profile, according to a Scherrer formula. The oxide layer was 

studied on a surface and a cross-section at the outer and inner site on the pipe. X-ray studies were carried out 

on the surface of a tube, then the layer’s surface was polished and the diffraction measurements repeated to 

reveal differences in the originated oxides layer. 

Keywords: 13CrMo4-5 steel, XRD diffraction, crystallite sizes 

1. INTRODUCTION 

The material engineering is a field of science enjoying the interest of many centers in the world [1-10]. More 

and more research are devoted to surface engineering [3, 5, 9, 11, 12], especially the oxidation of materials 

applicable in the energy industry [11-26]. Boilers, the most troublesome components of electric power, 

chemical and processing plants generate high costs in unscheduled shutdowns, repairs and power 

replacement. Every occurrence of ruptured tubes leads to emergency shutdown of the entire plant [8]. In paper 

[8] the research evaluation included non-contact wall thickness measurement with EMAT technology plus 

internal oxide layer measurement with specialized ultrasonics. In paper [27] the authors showed that the scale 

which formed on the 2.25 % Cr-1 % Mo steel tube exposed in steam at 550 °C to 625 °C for 300 h to 10,000 

h comprises with the outer scale composed of Fe3O4 with a slight amount of Fe2O3 and the inner scale 

composed of (Fe, Cr)3O4. In paper [28] the high temperature corrosion behavior of the boiler steels 13CrMo4-

5 (1.7335), P91 (1.4903) and 1.4541 has been investigated during short-term test runs (~500 h) at a biomass 

fired grate furnace combined with a drop tube. General trends determined by the variation of these 

temperatures were similar for all boiler steels: the corrosion rate increased with increasing flue gas temperature 

and also with increasing probe surface temperature. 

2. MATERIALS AND EXPERIMENTAL METHODS 

The material studied comprised specimens of 13CrMo4-5 steel operated at the temperature of 470 °C during 
190.000 h. The chemical compositions and operating parameters of steel are given in Table 1.  

Table 1 Chemical composition of examined steel and acc. EN 10028-2 [29] 

Chemical composition, wt. % 

Acc. C Si Mn P S Cr Mo 

Analysis 0.15 0.24 0.50 0.022 0.009 0.94 0.51 

EN [29] 0.08-0.18 Max. 0.35 0.40-1.00 Max. 0.025 Max. 0.010 0.70-1.15 0.40-0.60 
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The analysis of the chemical composition of the steel was carried out using spark emission spectroscopy on a 

Spectrolab spectrometer. The oxide layer was studied at the outer site (the flowing gas side) and at the inner 
site (the flowing steam side) on the pipe (Figure 1). 

 

Figure 1 Place of samples taking for tests 

Thorough examinations of the oxide layer carried out on the outer surface of tube wall comprised: 

• Microscopic examination of the oxide layer were performed using a Jeol JSM-6610LV scanning electron 

microscope (SEM), 

• chemical composition analysis of deposits/oxides using a Jeol JSM-6610LV scanning electron 
microscope (SEM) working with an Oxford EDS electron microprobe X-ray analyser, 

• X-ray (XRD) measurements (studying the phase composition, crystallite sizes); the layer was subject to 

measurements using a Seifert 3003T/T X-ray diffractometer and the radiation originating from a tube 
with a cobalt anode (λCo = 0.17902 nm). X-ray studies were performed, comprising measurements in a 

symmetric Bragg-Brentano geometry (XRD). Computer software and the PDF4+2009 crystallographic 

database were used for the phase identification. 

Based on the width and the position of the main coat and substrate reflections, the size of the crystallites was 

determined using the Scherrer formula (1) [15, 16, 21, 30]: 

Θ⋅
⋅

=
cosβ

λk
Dhkl               (1) 

where: Dhkl - crystallite size in the direction normal to (hkl), nm; k - constant (∼1); λ - radiation wavelength, nm; β - 

reflection width depending on the crystallite size, rad; θ - Bragg angle, rad. 

X-ray studies were carried out on the surface, and then the layer surface was polished down and the diffraction 
measurements were performed again to determine individual oxide layers. The size of the Dhkl crystallites size 

was determined for the reflections originating from the planes (104) for Fe2O3 and (311) for Fe3O4, which are 

occurring at angles of 38.7464º and 40.8998º, respectively (according to the catalog card ICDD PDF 01-079-

0007 and ICDD PDF 01-089-0951). X-ray measurements were performed at different depths of the oxide layer. 

After removal of the sediment layer, the X-ray measurements were carried out, then, the oxide layer was 

removed (5 µm) cyclically, each time making XRD measurements: 

• from steam side, the oxide layer was removed every 5 μm in 10 cycles, 

• from exhaust side, the oxide layer was removed every 5 μm in 16 cycles. 
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3. RESULTS OF EXAMINATION 

The obtained results of studies have shown that on the inside of a tube wall, directly on the steam flow side, 

there is a layer of hematite (Fe2O3), under which a layer of magnetite (Fe3O4) exists. On the inside, directly on 

the steel side, apart from iron, the oxide layer is enriched in addition of such elements as Cr, Mn, Mo, and Si, 
depending on the chemical composition of studied steel (Figure 2). Maps of elements distribution have shown 

that chromium exists in 2/3 of the layer oxide thickness, moving from the substrate (steel). The total thickness 

of oxide layer on the inside in the widest place was 57.58 µm, which was presented in paper [22]. The 

oxides/deposits layer, which originated on the outside of the tube wall, substantially differs from the oxide layer, 

which formed on the inside. On this surface, directly on the flue gas inflow side, on the surface itself and moving 

inside the layer to a depth of 74 µm, there exist compounds based on Ca, As, K, Al, Na, and Zn, which was 

shown in paper [22]. Below this layer Fe2O3 exists alternately with such compounds as: As2O3, KAlSi2O6, 
Na6ZnO4, and ZnO2. Fe3O4 appears moving deeper inside the layer (Figure 3, Figure 4). 

 

Figure 2 SEM images of the steel samples, EDS analysis and maps of the distribution of elements, inner site 

on the pipe 

 

Figure 3 SEM images of the steel samples, the maps of the distribution of elements, outer site on the pipe 

The obtained results of crystallites measurement have shown that in the case of the oxide layer formed on the 

steam flow side, Dhkl for hematite at a depth of 10 µm from the surface reaches the highest values  

(Figure 5A). Moving deeper inside the layer, the crystallite sizes successively diminish. On the outside of the 

tube wall, Dhkl for hematite at a depth of 60 to 65 µm was 19.87 nm and 21.76 nm respectively (Figure 5B). At 

a depth of 70 to 75 µm, the size of hematite crystallites suddenly increased to 37.79 nm and 46.23nm 

respectively, and then this parameter has slightly decrease approx. 10 units at a depth up to 80 µm; after this 
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was slightly grown (at a depth of 85 to 90 µm) and the next this parameter value was going down after further 

successive removal of the layer. 

 

Figure 4 EDS analysis of elements, outer site on the pipe 

For magnetite on the inside Dhkl directly under the hematite layer amounts to approximately 28,51 nm, and 

then this parameter slightly grows at a depth of 15 to 25 µm, which is followed by a linear decline  

(Figure 5C). In the case of the tube wall outside, the crystallite sizes gradually increase to a depth of 95 µm, 

and then Dhkl slightly declines to a depth of 110 µm. At a depth of 115 to 120 µm another increase in this 

parameter was observed. Instead, once 120 µm is exceeded, the value of this parameter substantially goes 

down (Figure 5D).  

 

Figure 5 Determination of crystallite size Dhkl for main peaks Fe3O4 and Fe2O3: (a) hematite, the flowing 

steam side, (b) hematite, the flowing gas side, (c) magnetite, the flowing steam side, (d) magnetite, the 

flowing gas side 
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4. CONCLUSIONS 

The obtained results of studies have shown that: 

• oxide thickness more varies on the gas side but it is more uniform on the steam side. On the inside the 

oxide layer is composed of hematite and magnetite, while in the case of the tube wall outside also 

deposits exist apart from the aforementioned oxides, 

• when comparing the results of structural examinations presented in paper [22] with Dhkl it is possible to 

state that greater degradation of the layer was observed for crystallites of larger sizes.  

• The largest crystallite size for hematite was 44.20 nm and 46.23 nm for steam side and gas side, 
respectively. The largest crystallite size for magnetite was 39.08 nm and 43.01 nm for steam side and 

gas side, respectively.    
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Abstract  

Electron beam (EB) welding of thick materials is not an easy task and finding the correct welding parameters 

and conditions is one of the crucial factors especially when the quality of weld root is required. The undesirable 

features of an electron beam weld can lead to premature failure or reduces the effectiveness of the resulting 

components (for example impellers). In attempts to understand how these defects are formed, the formation 

of EB cavity is primary importance. The greatest significance is attributed to the cavity oscillation in size and 

shape due to the rapid pressure and temperature changes which occurs during formation of EB cavity. These 

dynamic behaviors of molten metal during EBW enable creation of liquid metal protrusions in cavity instabilities 

- spiking. In the preset paper the initial results of several steel and titanium plates with different thickness 

welded without filler metal are presented. During the welding various approaches have been verified to 

eliminating the spiking. For spiking elimination the modification of weld joint configuration was tested, using of 

solder, using of background material and modification of EB welding process parameters. The obtained results 

are complemented by microstructure analysis and by evaluation of the quality and appearance of the weld 

root.   

Keywords: Electron beam welding, spiking, steel, titanium alloy, thick welds 

1. INTRODUCTION  

The deep welding capability of an electron beam has been well publicized by equipment manufactures as well 

as researchers. The reason why the welds with the high ratio of depth-to-width of fusion zone are created 

during EB welding, is the presence of cavity in the path of EB. Vapour pressure of the elements in the materials 

being welded, plays an important role in maintaining a weld-cavity keyhole. However, a very important 

additional force tending to close the cavity is due to the surface tension. During the depth penetration welding, 

the cavity is assumed to resemble a deep and narrow depression with liquid walls, and the force of gravity 

acting on the liquid metal in the keyhole may not overcome the surface tension forces when welding in vertical 

position. The undesirable features of EB welds, such as spikes, cold shuts and base porosity may occur. These 

defects seriously reduce the properties and strength of the joint [1,2]. Spiking represents unexpected increase 

in the local penetration in periodic successions. Different mechanisms of spiking have been proposed in 

literature. Tong and Giedt [1] proposed that spiking formed from the oscillation of the keyhole were produced 

during keyhole mode EB welding. The severity of spiking thus depended on the frequency of the oscillation of 

the cavity, welding speed, and the material to be welded. Armstrong [3] suggested that spiking was determined 

by power density and beam power. Arata et al. [4] observed spiking formation during the breakdown of force 

balance between vapor pressure, hydrostatic pressure, and dynamic force of liquid layer. Based on these 

results Giedt [5] suggested for partial penetration welds that the depth of a spike is proportional to the melting 

distance in a time scale, which equals the energy distribution parameter (described by used size of EB spot) 

divided by welding speed. Wei et al. [6] introducing a melting efficiency and energy for melting. The spiking 

amplitude-to-average fusion zone depth ratio is proportional to the width of the fusion zone divided by multiple 

of melting efficiency with size of EB spot in welding direction. 
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The objective of the present study was to reduce of spiking in full penetration EB welds. For spiking elimination 

were tested several approaches which include the modification of weld joint configuration, using of background 

material with a different chemical composition than base metals, using of solder and modification of the process 

parameters.   

2. EXPERIMENTAL MATERIALS AND PORCEDURES 

Experimental thick welds were welded by universal chamber electron beam machine Pro-Beam (Germany) 

K26 EBG 60-150. For experimental works were used precipitation hardening martensitic stainless steel 

X5CrNiCuNb16-4 (referred as to X5; samples S1 - S7) in solution annealed condition and titanium alloy Ti-

6Al-4V (referred as to Ti64; samples T1 - T5). The chemical composition of base metals (BM) was given in 
Table 1. For determine of the average chemical composition of X5 steel was used the emission spectrometer 

with glow discharge Spectrumat GDS 750. Chemical composition of Ti64 have been taken from a copy of the 

“inspection Certificate” (VSMPO-AVISMA Corporation, Russia). During individual test the butt welds were 

welded with thickness t = 10 and 20 mm. 

Table 1 Chemical composition of X5 steel and Ti64 alloy (in wt. %). 

Material C Mn Si Cr Ni Mo Cu Nb Fe 

X5 0.03 0.60 0.38 15.47 4.13 0.11 4.27 0.25 balance 

 Al V Fe O C N H Ti  

Ti64 6.46 4.11 0.21 0.17 0.007 0.004 0.006 balance  

Experimental was divided in four stages: in the first stage was evaluated the weldability of BM; in the second 

stage were used background materials in order to avoid excessive projections of weld metal (WM): tungsten 

electrode WL10 (doped by 0.90 - 1.20 wt. % La2O3 [7]) and nickel solder BNi-7 filling the root gap. Chemical 

composition of used solder was: 14.00 wt. % Cr; 10.10 wt. % P; 0.06 wt. % C and 75.84 wt. % Ni. During 

welding with solder was used the insufficient beam energy. It was expected, that a solder was should melted 

by heat dissipation. The third stage was focused to modification of root geometry with the intention of changing 

the flow of WM in the root area. The modification consisted in the production of a groove at the weld root. The 
triangle grove was 0.3 mm high and 0.6 mm wide in the base (Figure 1). In the last stage, modification of 

processing parameters was tested, especially the shape and size of EB spot (only for X5 steel).  

     

Figure 1 Root of EB welds in combination with wedge: a) diagram of groove in the root; b) sample S6 

For EB welding the constant accelerating voltage was used (UA = 120 kV). EB was focused into the half of 

samples thickness. The circular shape of EB spot was used on all samples with the exception of sample S7. 

Dimensions of used EB spot were 0.2 x 0.2 mm for samples S1 and T1 and 0.4 x 0.4 mm for the remaining 

samples with circular EB spot. Only on sample S7 the parabolic spot was used (X axis: 1 mm and Y axis: 0.4 
mm; the X axis was in welding direction). The remaining process parameters are listed in Table 2.  
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Specimens for the metallographic analysis were ground, polished and etched in Marble (for X5 steel; 243 ml 

HCl; 236 ml C2H6O; 47.24 g CuSO4) and Kroll’s (for Ti64 alloy; 2 ml HF, 8 ml HNO3, 92 ml distilled H2O) 

reagents. The study of microstructures was carried out using a Zeiss Axio optical microscope and Zeiss Ultra 

Plus scanning electron microscope equipped with EDS Oxford Analyser.  

Table 2 Parameters of EB welding 

3. RESULTS AND DISCUSSION 

In first stage the test welds were made in to the both of BM for a purpose to evaluation of their weldability 

(sample S1 and T1). Structure of welded sample S1 had the finer austenite grains than BM of X5 steel  
(Figure 2a). Rapid heat dissipation led to formation of low carbon martensite during solidification of molten 

WM. The small amount of δ-ferrite was observed at the grain boundaries of the initial austenite due to 

crystallization process of X5 steel (liquid → δ-ferrite + austenite → δ-ferrite + martensite). Structure of sample 
T1 is shown of Figure 2b. Microstructure of BM has lamellar morphology and consist of the plates of α phase 

and the residual β phase between the α plates. In the heat affected zone was observed the mixture of α plates, 

martensitic α’ phase and unmelted β phase. The WM had a fully α' martensitic structure. The influence of 

process parameters on the structure of the resulted weld joints was not proven. The presence of severe weld 

defects was not confirmed during qualitative evaluation of weld joints. Just in the case of deep weld joints 

(thickness t < 8 mm; Figure 3), the uneven projections of WM were found in the root side due to lower surface 

tension of BM. Values of surface tension decrease as a result of excessive local superheating of molten metal 

[8].  

         

Figure 2 Structure of electron beam welds: a) X5 steel (A - base metal; B - heat affected zone;  

C - weld metal) and b) Ti64 alloy 

During second stage was tested background material. The tungsten was used as a physical barrier  

to prevent of WM protrusion. Tungsten was chosen due to high melting temperature. Consequently,  

it was required to limited dilution of BM and tungsten background material. The parameters used for welding 

samples S3 and T3 led to joining of BM to background material. The background material had to be removed 

after EB welding which led to substandard weld root. Analysis of sample S3 by scanning electron microscopy 

Sample S1 S2 S3 S4 S5 S6 S7 T1 T2 T3 T4 T5 

Ib (mA) 26.5 23 30 39 29 30 27 23 30 30 29 25 

v (mm/s) 20 20 20 10 5 5 5 20 5 20 5 5 

f (Hz) 500 500 500 500 1000 750 200 500 1000 500 1000 750 

t (mm) 10 10 10 20 20 20 20 10 20 10 20 20 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

703 

revealed the presence of crack and confirmed that the tungsten was mixed with the WM up to distance of 1.75 
mm from the root joint (Figure 4a). Areas enriched with tungsten were observed in sample T3 (Figure 4b).  

         

Figure 3 Root side of butt welds (t = 20 mm): a) sample S2 (height of projection 1.48 mm) and b) sample T2 

(height of projection 1.33 mm) 

    
Figure 4 Root side of EB welds with background material (yellow color indicates enriched areas with 

tungsten): a) sample S3 and b) sample T3  

Another approach was tested in experiments with nickel solder filling the root gap. The parameters set for 

welding of sample S4 led to undesirable interaction of EB with the solder. The high input energy level caused 
partial removing of the solder form the root and formation of large voids in WM (Figure 5a). Reducing input 

energy from 4.56 kW to 3.48 kW was achieved by decreasing of EB current (Ib = 38 mA → 29 mA) and thus 

the interaction of EB with solder was avoided. This setting resulted in the solder began melted due to the 

thermal conductivity of used material. The melted solder was mixed with WM and the result was the welds 

without large voids, but excessive protrusions of WM still occurred at the root area and in the whole weld line 
(Figures 5b and 5c). Another defect was the presence of microcracks at the WM/solder interface.     

         

  

Figure 5 EB welds with solder to fill the root: a) sample S4; b) sample S5; c) sample T4 
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The third stage was focused to changing of WM flow by modification of weld root geometry. Artificially groove 
(Figure 1a) caused a change in the pressure conditions in the root of weld. Due to this, the influence of physical 

properties of used materials had manifested more markedly in comparison with previous stages. Combination 
of X5 steel and groove led to reduction of spiking at sample S6 (Figure 1b). However, cold shuts were 

observed on the walls of groove. When the Ti64 alloy (sample T5) was used in combination with groove, the 

different result was reached in comparison with sample S6. The spiking tendency did not be reduced by using 

the groove due to lower surface tension of the titanium alloy [8]. The appearance of root on sample T5 was 
similar like on sample T2 (Figure 1b).        

In the last stage was tested the change of shape of EB spot. In previously experiments, the circular EB spot 

was used. The parabolic shape of EB spot was tested in order to change the energy distribution in keyhole 

during EB welding. In both materials the parabolic spot of EB affected the distribution of energy and thus also 

the flow of the molten metal [3]. A continuous head of weld was formed with a forfeited WM around 1.4 mm 
(Figure 6a). Limitation of spikes has been achieved due to parabolic shape of EB spot. On the other hand, the 

uneven root of weld was observed in combination with spatter of WM (Figure 6b). The height of weld root was 

varied from -0.36 mm to 0.42 mm from the total depth of weld (t = 20 mm).  

          

Figure 6 Sample S7: a) the head of weld; b) the root of weld 

4. CONCLUSIONS 

In this paper, the root stability of thick EB welds have been investigated. The main results are summarized 

as follows: 

• Steel X5 and alloy Ti64 are easily weldable by EB welding method (without a presence of weld defects 

in structure). The probability of spiking formation is growing with thickness of welded material up to 8 

mm. 

• The background material with high melting temperature did not stop the leakage of WM in the root area. 

In the full penetration welds, the EB still had sufficient energy to interact with background material. It led 

to dilution of BM with background material that could promote cracking in the root.  

• If solder was using to fill root gap is necessary to avoid interaction of EB with solder. When interaction 
occurred, the solder from root was removed and large void are formed in the WM. The process 

parameters must be set so that the solder melts due to heat dissipation from the weld. Nevertheless the 

excessive leakage of molten has not been prevented.   

• The groove at the root of the weld changes the conditions necessary to maintain a keyhole.  

The influence of the physical properties of the used materials on appearance of the root was more 

pronounced. Spiking was limited in the case of X5 steel. However, cold shuts were observed on the 

groove walls. Reduction of spiking failed on Ti64 alloy due to low surface tension of molten titanium. 
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• Changing the shape of the EB spot caused a change in energy distribution, which resulted in a variation 

of the conditions inside the keyhole. The spiking was reduced by this approach. A continuous root has 

formed but undesirable spatter of WM was observed. This approach appears to be the most appropriate 

way to eliminate the spiking phenomenon.  
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Abstract  

One method for evaluating the mechanical properties of components in operation is the use of methods that 

focus on the use of miniaturized test specimens. Basic properties used mostly for the service life evaluation 

are tensile strength, impact notch toughness or impact notch toughness transition curve, fracture toughness, 

creep and high cycle fatigue. This research explores high cycle fatigue and tensile tests with the use of on 

standard test bars and sub sized samples obtained by semi destructive sampling. The first part of the testing 

was focused on the micro-tensile tests. The tensile tests were carried out to find out the initial stress level. In 

this research were studied the mechanical properties on steel X1CrNiMoAlTi 12-11-2 and 16 343. The results 

from micro-tensile tests and high cycle properties show excellent agreement with each other. Therefore, this 

fact leads us to conclusion that the miniature specimen tests can replace the fatigue testing under certain 

circumstances. The use of miniature specimen brings many advantages such as cost reduction, non-invasive 

affection of the material, time saving. 

Keywords: High cycle fatigue, tensile test, small size samples techniques, Digital Image Correlation (DIC) 

1. INTRODUCTION 

The Residual lifetime estimation and early detection of possible risks of mechanical equipment failure and 

structure is a key question for reliable operation of industrial plants. Currently, this issue is particularly critical 

for the power stations and petrochemical plants that are approaching their designed end of life. The remaining 

service life can be evaluated using standard tests, but also by using semi-destructive techniques using mini 

samples. One method for evaluating the mechanical properties of components in operation is the use of 

methods that focus on the use of miniaturized test specimens These methods maintain minimal material 

demands without requiring previously established correlations or at least they use a much more reliable type 

of correlation (without necessity to measure wide range materials). The above mentioned miniaturized testing 

techniques have been verified. These testing methods using miniaturized specimens maintaining testing 

loading mode are being developed and successfully applied and this paper shows results of miniaturized 

standard specimens testing in the field of micro tensile test and high fatigue test. Using advantage of 

application of the newest measurement equipment and techniques, miniaturized samples can be successfully 

used providing much more reliable data than presently used methods using correlation approach. Furthermore, 

such a data can be used as an input data influence on FEM simulation or for calibration of fracture locus. The 

experimental program here is performed on X1CrNiMoAlTi 12-11-2 steel and 34CrNiMo6 steel. There are 

performed standard tensile tests and high cycle fatigue tests as well as small size tests. Small size samples 

are machined from the experimental material extracted by portable sampling device. The device is used for 

material extraction from real in service components in order to simulate real component service life 

assessment, where material has to be extracted without the component destruction. Results obtained are very 

positive, very good agreement between standard size and small size specimens is found for the material 
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investigated introduction should provide a clear statement of the study, the relevant literature on the study 

subject and the proposed approach or solution. 

2. EXPERIMENTAL MATERIAL 

It Stainless steel X1CrNiMoAlTi 12-11-2 and 34CrNiMo6 (or 16 343 or 1.6582) were selected for the 

experiment. X1CrNiMoAlTi 12-11-2 stainless steel is precipitation hardened stainless steel of very high purity. 

It exhibits excellent mechanical properties in the longitudinal and transverse directions and also excellent 

balance between strength and toughness properties, and very high fatigue resistance, too. 34CrNiMo6 is high-

strength steel for highly stressed machine parts. In a refined state, the ratio of strength to yield strength is very 

favourable high toughness High toughness prevents the spread of fatigue cracks. 

3. STANDARD TENSILE AND HCF TESTS 

As a verification of sub-size specimens test results, the standard tensile and high cycle fatigue tests were 

carried out on the material investigated. All tests were carried out at room temperature. Tests were conducted 

on servo-hydraulic testing system Inova with a load capacity of 200kN. Tensile test strain rate of 0.0004s-1 was 

applied. High Cycle Fatigue (HCF) tests were conducted on the magneto-resonant fatigue testing machine 

Vibrophore Rumul for loads up to 250 kN in tension-compression mode with load ratio of R=-1. Batch of 10 

test-pieces with diameter of 8 mm loaded at various stress levels was tested. Tests were carried out in load 

control mode at frequency of about 120 Hz. Each test was terminated at specimen failure or after reaching 107 

cycles. The Wöhler curve was compiled on the basis of measured values. The fatigue limit σC was evaluated 

as the highest value at which the sample didn’t crack even after 107 cycles. 

4. MATERIAL SAMPLING AND SUB-SIZE SPECIMENS 

In the case of sub-size specimens testing, a special procedure was applied to the experimental material 

extraction, simulating a real process of the material extraction from in service components. All sub-size 

specimens were subsequently machined out of such an extracted material. The size of specimens was 

adjusted to fit into the available volume of the experimental material that is possible to extract in semi-

destructive manner. Tensile tests and mainly high cycle fatigue tests were carried out on these test-pieces.  

A portable electric discharge sampling equipment (EDSE) features easy handling, low-pressure coolant circuit 

(minimize spatter), quick electrode release and replace and a possibility to design own geometry and last but 

not least high sampling efficiency. Due to this fact the device is suitable for an in situ sampling out of in-service 
components, Figure 1. The influence of electro-erosive machining on the work piece is demonstrated in the 

Figure 2. The depth of the affected layer appeared to be slightly less than 10 μm thick. 

     

Figure 1 The set-up of EDSE; whole device set up on the left and extracted piece detail on the right 
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Figure 2 Influence of EDS machining on microstructure - affected depth is less than 10 µm 

Sub-size specimens’ dimensions and geometries were developed on the basis of available extracted piece of 

the experimental material. The material volume is limited and thus specimens’ size and its distribution within 

the extracted material was carefully plan in order to utilize maximum of the material available for test-pieces. 
Specimens outline and cutting scheme within the extracted piece of material can be seen in Figure 3. 

 
(a) 

   
(b) 

Figure 3 Specimens cutting scheme within EDSE extracted material (a) and relay sample (b)   

   
a) b) c) 

Figure 4 a) M-TT sample, b) grips for micro-tensile testing, c) Strain measurement by means of DIC on 

micro-tensile samples 
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5. MICRO-TENSILE TEST (M-TT) 

M-TTs were performed at room temperature at the same quasi-static strain rate as in the case of standard 

samples strain rate of 0.0004 sec-1. Tests were performed with the use of the testing machine using a linear 

drive with a loading capacity of 10 kN. A tensile load was applied to a specimen until fracture. Strain 
measurement was done with the use of Digital Image Correlation (DIC) system, Figure 4.   

Very good agreement between sub-size and standard size specimens can be clearly seen from the Figure 5 

there is not a huge scatter between standard and sub-size tensile test results. The crack occurred within the 

specimen gauge length and a significant necking process was observed during the test. Mechanical properties 

were reached without any numerical correlations except for an elongation (A5).  

 
Figure 5 A micro- tensile test records in comparison with a standard tensile test record for X1CrNiMoAlTi  

6. SUB-SIZE HIGH FATIGUE TEST 

HCF tests on miniaturized specimens were conducted on the resonant fatigue testing machine Vibrophore 

Rumul for loads up to 20 kN in tension-compression mode and on servo-hydraulic testing machine MTS Bionix 

with load-carrying capacity of 25 kN. Tests were carried out in load control with load ratio of R = -1 at frequency 

of about 50 Hz. Each test was performed until failure occurred or after reaching 107 cycles. Size comparison 
with a standard HFC specimen can be seen in Figure 6. 

 

Figure 6 Comparison of HCF specimens 

Obtained results from sub-size and standard fatigue tests are shown in Figure 7. This test results are 

presented as the number of cycles to failure which are plotted against the stress amplitude in the semi-

logarithmic scale. Red dots represent sub-size HCF tests and the green line denotes its fatigue limit. Those of 
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specimens which survived 107 cycles are denoted by arrows. Sub-size fatigue test results exhibit higher scatter 

and this corresponds to fit correlation coefficient R2 of 0.66. This fact shows a worse fit of linear regression in 

comparison to the standard one. This is expected feature and it can be caused by several factors such as an 

inhomogeneity of steel which is represented by secondary particles in the matter, notch sensitivity, or surface 
conditions. The summary of fatigue limits is shown in Table 1. The results obtained with the use of both 

specimen batches yield very similar results that are very positive result. 

 

Figure 7 S-N curve of X1CrNiMoAlTi 12-11-2 steel for Sub-size and Standard HCF tests 

Table 1 Results of standard and sub-size HCF tests of X1CrNiMoAlTi 12-11-2 steel 

Type of test Fatigue limit (MPa) 

Non-standard HCF 720 

Standard HCF 730 

Table 2 Results of standard and sub-size HCF tests of 34CrNiMo3 steel 

Type of test Fatigue limit (MPa) 

Non-standard HCF  ø 1,5 mm 540 

Non-standard HCF ø 4 mm 524 

Standard HCF ø 8 mm 540 

7. DISCUSSION 

The effect of electro-erosion machining on the microstructure of a high strength stainless steel is evident in the 
Figure 2 but on the other hand, in this case, the influence of 10 µm thick layer is negligible because this layer 

is removed during subsequent machining. The obtained stress - strain curves and results of sub-size tensile 

tests are fully comparable with the results of the standard ones. HCF Testing of smaller samples usually leads 

to a higher data scatter that is partly visible on the results obtained. However, the data scatter for sub-size 

specimens is very reasonable and fitted trends for both data sets overlap each other and the data obtained 

clearly belong to the same population. The slope of the regression line shows a similar trend and the intercept 

at 107 cycles is almost identical (difference of 2 %). In accordance with this, sub-size tests give very promising 
results, as it is shown in Table 1 and Table 2. The results obtained provided very good agreement between 

σ
Cs

 = 730 MPa 
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sub-size and standard size test pieces, thus the specimens dimensions shown here is suitable for high cycle 

fatigue material behaviour assessment. 

8. CONCLUSION 

The presented work is dealing with mechanical properties evaluation of X1CrNiMoAlTi 12-11-2 and 

34CrNiMo6. There are high demands on a safe service life of this kind of components and thus possibility of 

evaluation of actual material properties after several years of use is essential. Therefore some non-destructive 

or semi destructive method has to be applied in order to assess actual properties and out of that stemming 

residual service life. The work presented here shows results of high cycle fatigue tests and tensile test with the 

use of sub-size specimens loaded in the same manner as standard size specimens. The current results clearly 

shown that, there can be machined miniaturized tensile and high cycle fatigue specimens that yield fully 

comparable results with standard size specimens. 
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Abstract  

High strength multiphase TRIP steels are very often used as structural materials, especially in the automotive 

industry. Due to their ability to absorb energy during the impact, they are used for safety components of the 

car body. These parts can be produced by a hot stamping process, which has the advantage of using lower 

forming forces and a smaller spring back effect. The problem during heat treatment of TRIP steels is the 

holding time in the region of bainitic transformation, which facilitates bainite formation and stabilization of 

retained austenite. 

In the present study, two low-alloy TRIP steels with and without niobium were chosen. Physical simulation was 

employed to test an alternative route without an isothermal hold during cooling after hot stamping. Several 

continuous cooling profiles from the tool temperature were applied. The results were compared with isothermal 

processing in the region of bainitic transformation. Mixed structures consisting of bainite, martensite, ferrite 

and retained austenite were obtained for both steels. The ultimate strength reached more than 900 MPa with 

the elongation A20mm over 15 %. 

Keywords: TRIP steel, niobium, continuous cooling, retained austenite  

1. INTRODUCTION 

High-strength steels are widely used in the automotive industry because of their properties, affordability and 

their contribution to reduction in body-in-white weight, which results in fuel savings [1]. Their mechanical 

properties result from their composition and from appropriate heat treatment and thermomechanical 

processing [2]. This class of steels also includes multiphase TRIP steels (the acronym stands for 

transformation-induced plasticity). The microstructure of these steels consists of ferrite, carbide-free bainite 

and retained austenite (RA) [3-5]. Upon cold deformation, retained austenite transforms into high-carbon 

martensite which substantially contributes to work hardening [5]. Work hardening is further enhanced by 

dislocations and internal stresses which occur within adjacent phases [3].  

Steels of this type typically contain 0.2 - 0.25 % carbon, manganese and silicon, and perhaps aluminium. 

Manganese and silicon play important roles in controlling phase transformations, stabilizing retained austenite 

and solid solution strengthening, which contributes to overall strength [4, 6]. Niobium is one of the most 

frequently-used microalloying elements. Whether present in precipitates or in solid solution, it has a powerful 

influence on microstructure and mechanical properties. Niobium impacts on austenitization, recrystallization, 

grain size evolution, phase transformations, the enrichment of austenite with carbon and nucleation of 

martensite, which improves mechanical properties [7-9]. In addition, niobium has effect on retained austenite 

morphology and promotes formation of lath and foil-like retained austenite [10].  

Heat treatment of TRIP steels involves intercritical annealing i.e. isothermal holding in the bainitic 

transformation region [2, 4]. During this operation, bainite forms and retained austenite is stabilized thanks to 

diffusion of and enrichment with carbon. The hold poses difficulties from the processing technology viewpoint. 

Alternative routes are thus sought, such as continuous cooling at appropriate controlled rates [11]. Hot 

stamping is another alternative, being well-suited for making sheet parts of TRIP steels [12]. It is in fact used 
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in the automotive industry [13]. Its benefits include reduced forming force and reduced spring-back effect [13, 

14]. High-strength steels are used for components which improve crash safety [14]. Hence, hot stamping of 

TRIP steels and effects of process parameters and alloying elements needs to be explored.  

2. EXPERIMENTAL PROGRAMME 

In these experiments, hot stamping followed by continuous cooling was tested on two low-alloy multiphase 

TRIP steels. Physical simulation was performed in a thermomechanical simulator in order to vary relevant 

process parameters. High-frequency resistive heating enables close control of the thermal profile. It offers 

heating rates of up to 200 °C / s. The cooling can be effected with water, water spray and air. 

2.1. Experimental materials  

Two low-alloy steels with 0.2 % carbon alloyed with manganese and silicon were chosen for these experiments 
(Table 1). One of them was micro-alloyed with niobium which, both in precipitates and solid solution, has 

strong effect microstructure and mechanical properties.   

Both experimental materials were specially manufactured and cast as 50 kg ingots of 110 mm diameter. The 

top and bottom of each ingot was removed, the ingots were cleaned, cut into halves along their axis and 

homogenized in protective argon gas atmosphere at 1100 °C for six hours. The ingot halves were then rolled 

at 1150 °C from their initial height of 55 mm to 5.5 mm using single-pass reductions of 10 %. The final thickness 

of approx. 1.8 mm was obtained by cold rolling. After final annealing at 900 °C, specimens for physical 

simulation were made from the sheet. They were then ground to a thickness of 1.6 mm.  

Table 1 Chemical compositions of experimental steels (wt. %) 

Steel C Si Mn P S Cr Nb 
Ms 

(°C) 

Mf 

(°C) 

HV10 
[-] 

Rp0.2 

(MPa) 

Rm  

(MPa) 

A20mm 
(%) 

CMnSi 0.21 1.797 1.449 0.008 0.005 0.008 0.059 360 246 190 422 635 27 

CMnSiNb 0.21 1.797 1.449 0.008 0.005 0.008 0.03 370 257 180 427 627 26 

In this initial condition, both materials exhibited ferritic-pearlitic microstructure and hardness levels of 190 HV10 
and 180 HV10 (Table 1). Tensile strengths of the CMnSi and CMnSiNb steels were found to be 635 MPa and 

627 MPa, respectively. Their elongation (A20mm) values were near identical, 26 % and 27 %. Their Ms and Mf 

temperatures [15] were calculated using the JMatPro program. The Ms of the CMnSi steel was 360 °C. For 
CMnSiNb the Ms was higher: 370 °C (Table 1).  

2.2. Hot stamping and continuous cooling 

The input data for physical simulation was gathered by measurement in a real-world hot stamping process. By 

this means, thermal profiles for hot stamping process with tools at various temperatures were obtained. Using 

these data, physical simulation sequences were designed and tested on sheet specimens in a 

thermomechanical simulator.  

The first step of the physical simulation sequence involved soaking at 937 °C for 100 seconds. The transfer of 

an actual blank from a furnace to the tool was modelled as a 10-second air-cooling step. It was followed by 

cooling at the rate at which the blank cools in the tool at a defined temperature. The sets of these temperatures 
were identical for both steels: room temperature, 350 °C, 400 °C, 425 °C and 500 °C (Table 2, Table 3). Rapid 

temperature equalization was followed by final cooling at the cooling rate of the blank in still air. The optimal 

isothermal holding temperature for both steels is 425 °C. For this reason and for the sake of comparison, an 

additional sequence was carried out which involved a 600-second hold at this temperature. Another sequence 
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was added for the CMnSi steel, for which the tool temperature was 300 °C. For the CMnSiNb steel, one 

additional sequence was carried out with a tool temperature of 450 °C.  

Table 2 Heat treatment sequences and mechanical properties of CMnSi TRIP steel 

Treatment 
Tool temp. 

(°C) 
Holding 
time (s) 

Cooling rate in 
the tool (°C / s) 

HV10    
(-) 

Rp0.2 
(MPa) 

Rm  
(MPa) 

A20mm   
(%) 

RA    
(%) 

TRIP-01 RT - 100 471 900 1340 7.2 3 

TRIP-02 300 - 92 407 875 1130 5.6 7 

TRIP-03 350 - 90 412 790 1140 7.8 - 

TRIP-04 400 - 84 393 709 1020 10.5 - 

TRIP-05 425 - 82 323 568 977 15.3 10 

TRIP-06 425 600 82 316 603 850 12.7 10 

TRIP-07 500 - 70 291 525 920 18 12 

Table 3 Heat treatment sequences and mechanical properties of CMnSiNb TRIP steel 

Treatment 
Tool 

temp. (°C) 
Holding 
time (s) 

Cooling rate in 
the tool (°C / s) 

HV10    
(-) 

Rp0.2 
(MPa) 

Rm  
(MPa) 

A20mm   
(%) 

RA    
(%) 

TRIPNb-01 RT - 100 451 731 1210 5.7 3 

TRIPNb-02 350 - 90 393 557 1025 8 6 

TRIPNb-03 400 - 84 368 614 1050 11.4 9 

TRIPNb-04 425 - 82 336 572 976 12.3 10 

TRIPNb-05 425 600 82 302 478 818 14.8 12 

TRIPNb-06 450 - 80 313 501 930 19.5 12 

TRIPNb-07 500 - 70 301 478 933 17.1 10 

The instruments used for metallographic observation included a light microscope (LM) and scanning electron 

microscopes (SEM) Tescan VEGA 3 SEM and Zeiss EVO MA 25. Retained austenite distribution was 

examined after two-stage etching (stage 1: Nital, stage 2: 10 % aqueous solution of Na2S2O5). The amount of 

retained austenite was measured by XRD phase analysis in the automatic powder diffractometer AXS Bruker 

D8 Discover with a position-sensitive area HI-STAR detector and a cobalt X-ray source (λΚα = 0.1790307 nm). 

Measurements were taken at the centres of metallographic sections using the diffraction angle interval of 25 ÷ 

110°. Mechanical properties were determined through HV10 hardness testing and tensile testing. 

3. RESULTS AND DISCUSION  

3.1. CMnSi steel 

The sequence with the average cooling rate of 100 °C / s and the tool at room temperature produced a 
martensitic microstructure with a small amount of free ferrite and a hardness of 471 HV10 (Figure 1a). The 

ultimate strength reached 1340 MPa and the A20mm elongation was 7 % (Table 2). Upon higher tool 

temperatures, i.e. 300 °C and 350 °C, small amounts of proeutectoid ferrite formed as well. That led to slightly 

lower ultimate strengths, 1130 MPa and 1140 MPa, but no significant changes in elongation. After the 

sequence with a tool at 400 °C, bainite was found in the final microstructure, in addition to a higher amount of 

ferrite. This resulted in higher elongation, 10 %, and strength of 1020 MPa. A tool temperature of 425 °C led 

to a microstructure in which bainite sheaves dominated over free ferrite and small fractions of martensite and 
retained austenite (Figure 1b). Two-stage etching revealed that retained austenite was present in both 
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morphologies: globular grains under 1 µm and foils between bainite needles (Figure 1c). The fraction of 

retained austenite was 10 %. Elongation rose to 15 %, whereas strength decreased to 977 MPa. Holding at 

425 °C removed almost all martensite and produced a larger amount of ferrite but failed to increase elongation 
(Figure 1d). After this sequence, the strength was a mere 850 MPa.  

The sequence with an even higher tool temperature of 500 °C resulted in as yet highest elongation of 18 % 

and strength of 920 MPa. The cooling rate during hot stamping in a tool at this temperature was lower than in 

previous cases: 70 °C / s. The final mixed microstructure contained a majority of bainite, free ferrite and small 

martensite islands. Those had formed in regions of insufficiently-stabilized retained austenite during cooling to 
room temperature (Figure 1e). The presence of RA was confirmed by both X-ray diffraction analysis (12 %) 

and two-stage etching. RA was found mostly between bainite needles (Figure 1f). The M-A constituent was 

found in some of these intermediate spaces.  

   

   

Figure 1 Micrographs of CMnSi steel after hot stamping in tools at: a) room temperature - light micrograph 

(LM), b) 425 °C - LM, c) 425 °C - two-stage etch for highlighting retained austenite, d) 425 °C / 600 s - 

scanning electron micrograph, e) 500 °C - scanning electron micrograph, f) 500  °C - two-stage etch - LM 

3.2. CMnSiNb steel 

Hot stamping of the niobium-microalloyed steel in a tool at room temperature led to a martensitic-ferritic 
microstructure and a hardness of 451 HV10 (Figure 2a). The ultimate strength was high, 1210 MPa, and 

elongation was 6 %. The sequences with tool temperatures of 350 °C and 400 °C produced larger amounts of 
bainite and less martensite (Figure 2b). The fraction of retained austenite increased from 6 to 9 %. As a result, 

ultimate strengths decreased to 1025 MPa and 1050 MPa, respectively, whereas elongation rose slightly to 

11 %. A tool temperature of 425 °C led to a majority of bainite, free ferrite and small amounts of martensite 
and 10 % of retained austenite (Figure 2c). The ultimate strength and elongation were 976 MPa and 12 %, 

respectively. The sequence which involved holding at 425 °C for 600 seconds, to promote bainite formation 

and stabilize retained austenite produced a microstructure of ferrite, bainite and retained austenite  
(Figure 2d). The fraction of retained austenite increased up to 12 %. Using colour etching, retained austenite 

was detected in both globular and needle-like forms (Figure 2e). Some globular retained austenite particles 

had partially transformed to martensite, forming the M-A constituent. Although the A20mm elongation was higher 
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(15 %) than in preceding sequences, the ultimate strength decreased to 818 MPa, owing to a large ferrite 

fraction. 

After the sequence with a higher tool temperature of 450 °C, the resultant microstructure was found to contain 

not only bainite but also martensite. Martensite formed in the regions of insufficiently stabilized retained 

austenite. The sequence in which the tool temperature was 500 °C produced a higher martensite fraction, 
resulting in a mixture of ferrite, martensite and bainite (Figure 2f). The fraction of retained austenite was 10 % 

and RA had, again, both morphologies. Although cooling was slower than in preceding sequences, i.e. 70 °C 

/ s instead of 100 °C / s, and the tool temperature was high, no pearlite formed. The ultimate strength was 

933 MPa and elongation reached 17 %.  

   

   

Figure 2 Micrographs of CMnSiNb steel after hot stamping in tools at the following temperatures: a) room 

temperature - light micrograph (LM), b) 400 °C - LM, c) 425 °C - LM, d) 425 °C / 600 s - LM, e) 425 °C / 600 

s - two-stage-etch - LM, f) 500 °C - scanning electron micrograph 

4. CONCLUSION 

Hot stamping followed by cooling without an isothermal hold was physically simulated on two low-alloy steels, 

CMnSi and CMnSiNb. The input data for physical simulation were collected in a real-world process. In order 

to test several cooling rates, the physical simulation sequences involved various tool temperatures, from room 

temperature to 500 °C.  

Higher tool temperatures led to more intensive bainite formation in the 0.2 %-carbon CMnSi steel. Sequences 

with tool temperatures of 425 °C and 500 °C produced mixed microstructures of bainite, martensite, free ferrite 

and retained austenite and elongations in excess of 10 %. In spite of continuous cooling, a sufficient amount 

of RA was stabilized and elongation and strength were up to 18 % and above 920 MPa, respectively.  

In the niobium-microalloyed CMnSiNb steel, no effect of niobium on solid solution strengthening was detected. 

The material has not reached higher mechanical properties than CMnSi. The possible reason is the soaking 

temperature which was lower than the temperature necessary for dissolving niobium carbides. In this case, 

too, elongation was almost 20 % and ultimate strength reached 930 MPa. 
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Abstract  

The aim of this work is to develop and test a new method for identification of material properties of the steel. 

This work deals with application of the small punch test for evaluation of material degradation of power station 

in the ČEZ company (main Czech energetic company) within the project TE01020068 “Centre of research and 

experimental development of reliable energy production, work package 8: Research and development of new 

testing methods for evaluation of material properties”. The main effort is here an improvement of empirical 

correlation of selected steel materials used in power industry for manufacturing of the critical components 

(rotors, steam-pipes, etc.). The effort here is on the utilization of the finite element method (FEM) and the 

neural network (NN) for evaluation of mechanical properties (Young modulus of elasticity, yield stress, tensile 

strength) of the selected material, based on SPT results only.  

Keywords:, Small punch test, neural network, power plant steel, mechanical properties 

1. INTRODUCTION 

Currently, there is an effort to maximize the service life of nearly worn out operating components while 

maintaining the conditions for reliable and safety operation. Consequently, the new test methods for evaluation 

of residual service life or for determination of the actual strength values and brittle fracture properties of the 

exploited components are being developed. One of the methods used to evaluate the current state of 

mechanical properties is the small punch test (SPT) [1-3]. Such experimental method is used for both 

assessing the current condition of the material as well as evaluating the so-called zero states of newly 

manufactured power plants components.  

The main aim of this paper is to create a numerical tool, which could estimate material parameters of the 

particular steel, on basis of already performed experiments for penetration test (SPT) and tensile test. There 

will not be a requirement to perform the tensile test with the currently tested material and to identify from this 

test these parameters. Only SPT and database of previously performed (SPT and tensile test) tests is used 

together with the Neural network tool. This approach can significantly reduce time and cost of the material 

parameters assessment.  

The standard process of identifying yield stress, tensile strength is to perform tensile test and based on this 

test, the material properties can be evaluated [4, 5]. Moreover fracture toughness [6] needs to be also 

evaluated from the individual test. However, tensile test as well as fracture toughness assessment requires 

large specimen of the material and it could be financially and time demanding task. The small punch test has 

advantage of small specimen required for the test and relatively cheap cost, but it does not allow us to directly 

evaluate the material properties. To ensure the safe operation of the component, it is necessary to find out the 

actual values of the material parameters. With the advantage of this work, one would avoid the necessity to 

perform an expensive tensile or fracture toughness test. It would be sufficient to perform just a penetration test 

and using a suitable mathematical apparatus identified such mechanical parameters. This newly developed 

approach [7] could facilitate identification of the actual material parameters of steel in a timely and economical 

manner. 
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NN 

Small Punch Test
  

E, Rm, Rp02 

2. INVESTIGATION METHOD 

A neural network (NN) was chosen as a suitable mathematical apparatus. The neural network is a 

computational system originally inspired by nature and the human brain. Dr. Robert Hecht-Nielsen defined the 

neural network as follows: 

"...a computing system made up of a number of simple, highly interconnected processing elements, which 

process information by their dynamic state response to external inputs”.  

In Neural Network Primer: Part I" by Maureen Caudill, AI Expert, Feb. 1989.  

The original idea of the neural network was to solve the problems in a way that human brain would do. 

However, over time many other applications were discovered for this method. The main idea is that the network 

can be trained/taught using input and output data to give reasonable outputs for new inputs. The structure of 
the neural network is seen in Figure 1, where the first layer is the input; the last layer is the output and between 

them is (optional) number of the hidden layers. Each layer contains mutually connected nodes, and these are 

further connected to other nodes in the next layer. In this way, we get to the last layer, i.e. to the output data. 

However, it is necessary to properly train the network in order to create suitable connections between the 

layers and the nodes. There should be several hundred to several thousand input/output pairs required to 

properly train the network. 

 

Figure 1 Structure of the neural networks 

 

 

 

 
 

Figure 2 Diagram of the neural networks based program 

In this case, the network would have the data from the penetration test (curve of Force versus Strain) as input 
and one of the following material parameters as an output: Young's modulus of elasticity E, yield stress Rp02 

and tensile strength Rm , see Figure 2. For each material value, one single network was created. 

The neural network has to be trained with a known data pair set (input-output). Here, experimental testing of 

SPT and tensile test of the given material were considered. From the standard tensile test, the material 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

720 

parameters were identified using standard identification method in company MATERIÁLOVÝ A 

METALURGICKÝ VÝZKUM, s.r.o. and directly used for the neural network as a training output. The input here 

was the force curve measured during SPT experiment. Consequently, the training dataset for the neural 
networks consist of the material parameters (E, Rp02 and Rm) as an output and SPT curve as an input. The 

reference values of these material parameters come from experimental tensile test. The neural network must 

not only be trained, it is always necessary to test it with the use of some known pair of the input-output, which 

was not used in the training process. Here only one dataset of 100 specimens was available for the material 

10GN2MFA. Number of 99 pairs was used for network training and one remaining pair for testing. This was 

done gradually with all 100 values (each of this will become ones a testing value). The final error of the neural 

network prediction was then evaluated. However, this process of training with the relatively small data set (100 

pcs.) of only one material would predict reasonable results only for this particular material or similar one. To 

build a robust algorithm for prediction of any kind of material properties, one would need to build very large 

database of the reference specimens. Such database should contain various materials in a various state of 

residual life. Thus, to build the database, one must perform the SPTs as well as tensile tests, from which the 

reference material properties are determined. Since the database is filled up, you will only perform a SPT with 

the new/monitored material and the experimental curve will be used in the neural network to predict Young's 

modulus of elasticity, yield stress or tensile strength. 

3. EXPERIMENTAL MATERIAL AND EXPERIMENTAL PROGRAMME 

In order to obtain experimental data, structural steels 10GN2MFA were used. This particular material is 

exploited in nuclear power engineering on a long term basis and particularly in the nuclear power engineering 

for power station of type VVER 1000 and MIR 1200. It was subjected to real heat treatment procedures in 

order to achieve real level of mechanical properties and to provide thus enough experimental data for the 

neural networks.  

For investigated state the tensile tests was performed with subsequent determination of the curve of actual 

stress-strain (current state of the material), SPT or fracture toughness tests that resulted in the R curves. Since 

the characteristic feature of the fracture behaviour at the laboratory temperature for all of the above materials 

and their states after heat treatment was a stable growth of a ductile crack. 

Due to the fact that both tensile and fracture toughness tests are standardized and adequately described in 

the literature [9,10], the next paragraph will deal only with the method of the SPT penetration tests. 

The SPT method belongs to advanced testing methods developed on the long term basis in the company 

MATERIÁLOVÝ A METALURGICKÝ VÝZKUM, s.r.o. This method makes possible to obtain a number of 

mechanical properties with the use of the relatively small size of the test specimen. The method is used mainly 

for evaluation of the current state of mechanical properties of the components exploited in standard power 

engineering. In the recent past, this method was newly used also for determination of the impact of the sigma 

phase on the brittle fracture properties of steels used for the USC parameters, such application was described 

in paper from SSTT conference in 2014 held in Segau, Austria. 

The main advantage of the SPT method lies in the low volume of the experimental material and also in the fact 

that it is possible to obtain from the conducted SPT tests a number of properties. The SPT principle is illustrated 
in Figure 3. The test corpuscle is a disc with a diameter d1 = 8 mm and a thickness h = 0.5 mm, which is 

penetrated by a hemispherical punch with a radius r = 1 mm till the failure. The diameter d2 of the hole in the 
lower die is 4 mm. Record of the SPT test is shown in Figure 4. Such curve can be further used for the neural 

network to obtain the required values of mechanical properties [4]. In this experimental SPT, the deflection 

was controlled value, and thus remains very similar across the measurements and thus it was not used for the 

analysis. 
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Figure 3 Principle of the small punch test 

Mechanical properties were evaluated using the tensile test with miniaturized specimens of ɸ 3 mm and 

measured length 10 mm. Specimens were located into the weld metal such that the measured length contains 

equally the welded joint including both basic metals. Sample for SPT were removed as from basic material as 

from weld metal after exposure. Charpy V-notch test was done using test specimens of 3 x 5 x 32 mm with 

notch located into the weld metal. 

 

Figure 4 Record of the Small punch test 

4. RESULTS 

One investigated material 10GN2MFA was tested within the algorithm for evaluation of the steel material 

properties based on the Small Punch Test and neural network. The given 100 experimental pairs were 

gradually used for the training and testing of the neural network. There were always 99 pairs for the training of 

the network and one for the testing. The pair changes in the way, that each pair was ones a testing and 99 
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times a training one. The neural network provides a prediction of the material values (output) for the testing 

input (force vs displacement). Since these values are known (from the experiment), but not used for the 

training, the quality of such prediction can be assessed just with the comparison of the predicted and real 
values (output - E, Rp02 and Rm). The error was calculated in absolute (MPa) and relative (%) values and the 

mean error was evaluated. 

Table 1 Results of the Neural Networks simulation of the mechanical properties 

Material Property 
Mean Absolute Error Max Absolute Error Mean Relative Error Max. Relative Error 

[MPa] [%] 

10GN2MFA 

E 516 45190 0.0663 20.5 

Rp02 -0.09 61.6 -0.07 11.18 

Rm 0.291 51.2 -0.016 7.87 

The obtained results summarised in Table 1 show good quality of the predicted values for the Young modulus 

of elasticity E. Maximal error of the estimation is about 20% while the mean error is less than 0.1 %. Moreover, 

the 20 % error of the prediction is still significant value. The maximal error of the predicted values for the yield 

stress and tensile strength is about 10 %. Such estimation is considered as a good estimation, since we have 

only 99 training examples. For each three cases, the mean relative error is less than 0.1 % and this indicates 

the reasonability of this approach. The complete results of the neural network (reference values, predicted 
values and the error is the Appendix A. Where, the name SIM (E_sim) refers to a simulated (predicted) value, 

while the ORIG (E_orig) refers to reference one. 

5. DISCUSSION 

It follows from the obtained results summarized in Table 1, that the simulations here have good agreement 

with the experimental results. In our previous work started 3 year ago only limited number of data set do not 

exceeding 18 results was available. Such number of data set was found to be not acceptable as the scatter 

was too high. After improving NN methodology and increasing number of experimental data, the good 

agreement was found. Further work will be focused on the continuing of the experimental tests and building 

the material database using material like P91, P92 and A508 to get more relevant data. 

6. RESULTS 

The work describes the essence and the results obtained within the framework of the TAČR project 

TE01020068, work package 8. The project is focused on the use of the Small Punch Tests for evaluation of 

material degradation of critical components of conventional power plants. The aim of this work consists, in the 

creation of a connection between the SPT tests performed within the frame of evaluation of the actual material 

properties of the exploited and newly manufactured components and numerical calculation using neural 

networks. The first results indicate the possible application of the neural network method, especially for 

determining the values of mechanical properties. This work exploited the results obtained in [1], where authors 

tested such method on the three materials, with the maximal number of 18 values. Here, only one material, 

but with the larger number of specimens (100) were used. The results given here indicate/prove that the higher 

number of the training pairs can build better neural network with the better estimation. However there is still 

quite high maximal error. Moreover, the material 10GN2MFA is homogeneous material and the dispersion and 

quality of tested specimen was good. When the particular material would have non-linear behaviour and the 

scatter of the experimental data would increase, the prediction based on 100 examples only would vary 

significantly. 
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Achievement of consistent results when estimating material characteristics using neural networks would surely 

require a much bigger number of training samples. This is consistent with the literature, which states the need 

for at least several hundred or thousands pairs, for the proper functioning of the neural network. Consequently, 

this method would require a wide database of the experiments for each material used in the real power plants. 

One could not assume that building one wide database for any kind of material will bring much more reasonable 

results. 
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Abstract 

The results of the structure and phase composition investigation 316L stainless steel of samples formed by 

selective laser melting in Mlab Cusing R (Concept Laser) equipment are presented. The physical and 

mechanical properties investigation was carried out by X-ray diffraction analysis, scanning electron 

microscopy, and micro-hardness measurements. It was found that 316L steel powder after selective laser 

method has the austenitic structure. The structure of the samples is characterized by cross sections of tracks 

left by the laser. A thin cell-dendritic substructure has been identified, there are pits inside which droplets with 

a diameter of about 50 μm are observed, which is typical for objects obtained by laser melting of powder 

material. Samples are characterized as the structure with high degree of homogeneity.  

Keywords: Laser melting, stainless steel, structure, phase, mechanical properties 

1. INTRODUCTION 

Additive technologies of production allow create a prototype of any object from a computer model. Advantages 

of additive technologies over traditional methods of creating three-dimensional products from various materials 

- a significant reduction in production time and a reduction in the cost of finished products, regardless of the 

configuration of the product. 

 

Figure 1 The process of additive production by selective laser melting 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

725 

One of the promising technologies of additive production is selective laser melting, as well as its varieties. The 

principle of selective laser melting is to form a three-dimensional object by successively melting the layers of 

the powder material with a laser beam in accordance with the program (Figure 1). 

Products obtained by selective laser melting from a powdery material have a high potential and high 

mechanical properties of the material used. The search for ways to produce solid products is one of the main 

areas of research. Obtaining such structures is obtained by choosing laser parameters that are in a rather 

small range [1, 2]. In the process of selective laser melting, complex non-equilibrium processes occur, 

depending on the material itself, the particle size of the powder used and its properties, the properties of the 

laser, and the correct selection of the melting regimes. 

The work used 316L stainless steel as one of the well-studied objects. Currently, the EKSTU began the 

production of prototypes by the method of selective laser melting. Therefore, the task was to investigate the 

mechanical properties and microstructure of the obtained samples, and compare them with similar samples 

obtained by selective laser melting methods by other organizations, as well as with samples obtained by 

traditional technology. 

2. MATERIALS AND METHODS 

The laser melting of the powder was carried out using the Mlab Cusing R machine manufactured by Concept 

Laser (Germany). The SLM process parameters were: a fiber laser power 90 W, a frequency 50 kHz, a 

scanning speed 500 mm / s, a spot size 100 μm. The process was carried out in a nitrogen atmosphere. The 

oxygen content (in accordance with the integrated sensors) at all stages was less than 0.1 %. Tables 1, 2 

show the chemical composition and mechanical properties declared by the manufacturer of the powder 

material (Concept Laser). 

Table 1 Chemical composition of the material, Fe is balanced [3] 

Component Cr Ni Mo Mn Si P C S 

Indicative value (wt. %) 16.5 - 18.5 10.0 - 13.0 2.0 - 2.5 0 - 2.0 0 - 1.0 0 - 0.045 0 - 0.030 0 - 0.030 

Table 2 Mechanical properties of the material [3] 

 90° 45° 0° 

Yield strength Rp0,2 374±5 MPa 385±6 MPa 330±8 MPa 

Tensile Strength Rm 650±5 MPa 640±7 MPa 529±8 MPa 

Elongation A 65±4 % 63±5 % 63±5 % 

Young’s modulus 200∙103 MPa 200∙103 MPa 200∙103 MPa 

Thermal conductivity 15 W / mK 15 W / mK 15 W  /mK 

Hardness 20 HRC 20 HRC 20 HRC 

The structural-phase state of steel after laser melting was studied by X-ray diffraction analysis and scanning 

electron microscopy. The micro-hardness was measured using a DuraScan 20 micro-hardness tester 

(manufactured by EMCO TEST, Austria).with a vertical adjustment of the loading unit (50 g, 10 sec),  by Vickers 

indenting method  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

726 

RESULTS AND DISCUSSION 

The microstructure of the samples is shown in Figure 2. When the particles of the powder material are fused, 

the laser beam moves relative to the plane of the layer and fuses the previously distributed powder material, 

resulting in the formation of tracks. Cross sections of tracks fused with a laser are clearly visible in  

Figures 2a, b. 

 
Figure 2 Microstructure of the samples obtained 

Figure 2c shows that the grains have a very thin dendritic substructure [4]. This substructure is formed by 

rapid cooling of the melt and is characteristic of austenitic steels treated with a laser. The growth of grains is 

directional, but cellular structures are observed instead of dendrites [5]. The direction of grain growth leads to 

anisotropy of the printed material properties. The change in the characteristic size of the microstructure, due 

to cooling conditions, was studied in [6]. 

The results of X-ray phase analysis are shown in Figure 3. The peaks in the X.ray diffraction pattern 

correspond to the face-centered cubic phase, this fact proofs that powder steel after laser melting is in the 

austenitic state. Figure 4 shows an untypical structure of objects obtained by laser melting. Namely, in the 

structure there are few pits with 50 μm droplets are observed. 
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Figure 3 X.ray diffraction pattern of 316L steel obtained by selective laser melting 

 

Figure 4 Balling process of 316L steel with laser melting 

Balling process occurs due to temperature gradients and the material instability during SLM process. The 

reason of this process is the surface tension, where the melt tends to reduce the free surface energy, forming 

a shape with a minimum surface area, i.e. sphere. In this case, the Marangoni effect is observed in the melting 

zone, leading to convection currents due to the surface tension gradient as a function of temperature, and if 

convective currents are strong enough, the melted strip is divided into droplets. In addition, the drop under the 

influence of surface tension attracts adjacent particles of the powder, which leads to the formation of pits 

around the droplets and, ultimately, to an increase in porosity. Various mechanisms of balling process have 

been studied in [5, 7]. 

The hardness was determined by Vickers on the DuraScan 20 micro-hardness in the dimensions of prints 

created by indenting a diamond pyramid under a load of 50 g for duration of 10 s. As an indenter, a tetrahedral 

diamond pyramid with a vertex angle of 136 ° was used. The microstructure was investigated by scanning 

electron microscopy with a magnification of 60 times [8-9]. The results of micro-hardness measurements are 
given in Table 3. 

The microphotography of the near-surface region with the marks of the EDX points is shown in Figure 5. The 

chemical composition of the sample according to the results of the EDX analysis is given in Table 4. 
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Table 3 The results of measuring the micro-hardness of 316L steel samples 

Sample 
Vickers hardness HV (MPa) 

1 2 3 4 5 6 7 8 9 10 

316L 918 983 995 992 1002 1101 892 1048 1033 1186 

 

Figure 5 Microphotography of the near-surface region with marks of EDX points 

Table 4 Chemical composition according to the results of EDX analysis 

Spectrum In stats O Si Cr Mn Fe Ni Mo Total 

Spectrum 1 Yes 0.76 0.46 18.69 1.50 64.71 11.74 2.13 100.00 

Spectrum 2 Yes 1.98 0.44 18.09 1.42 63.76 11.67 2.63 100.00 

Spectrum 3 Yes 1.16 0.39 18.17 1.31 64.87 11.89 2.21 100.00 

Spectrum 4 Yes 0.98 0.40 18.63 1.28 64.47 11.72 2.52 100.00 

Spectrum 5 Yes 1.12 0.44 18.28 1.31 64.96 11.56 2.32 100.00 

Spectrum 6 Yes 0.00 0.44 18.77 1.64 65.32 11.95 1.87 100.00 

Average  1.00 0.43 18.44 1.41 64.68 11.76 2.28 100.00 

AISI 316L   0.1,0 16.5 - 18.5 0 - 2.0 Balance 10.0 - 13.0 2.0 - 2.5  

CONCLUSION 

From the results of the conducted studies it can be concluded that SLM is an effective method of powdered 

materials forming. The products quality characterized as samples with highly homogenous structure. 

However, it should be noted that the formation of a qualitative melt band is associated with the search for the 

optimal region of process parameters (laser radiation power and scanning speed). When laser radiation is 

applied to particles, it is difficult to control the rapid processes of heating, melting and combining the powder 

particles at the location of the laser beam. 
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Viscosity and surface tension are key factors in the process of balling process. Increasing laser power and 

scanning speed can reduce the tendency for balling process, but excessive laser power and scanning speed 

will affect the accuracy of product sizes, as overheating of the powder will result in melting of the area outside 

the laser spot. 
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Abstract   

The paper deals with the influence of the main welding parameters of resistance spot welding on the quality 

of the joint. The influence of the parameters was investigated within the range of welding area where 

satisfactory welding is expected (according to EN ISO 14373). DOE analysis was used as an analytical tool. 

The DC06 deep-drawing steel, 0.7 mm thick, used in the automotive industry was used as the base material. 

Quality was assessed by visual testing, ultrasonic testing, macroscopic and shear tests. The results shown 

that, in the area of optimized welding parameters, the welding current has a well-defined effect on the quality 

of the weld joint and the size of the welding nuggets. The results can be used to predict the size of the welding 

nugget depending on the set welding parameters.  

Keywords: RSW, DOE, DC06, Welding Parameters, UT 

1. INTRODUCTION   

The quality of resistance spot welds has a decisive role in vehicle reliability. The classification of geometrical 

defects of metallic materials is according to ČSN EN ISO 6520-2: Welding and related processes - 

Classification of geometrical defects of metallic materials - Part 2: Pressure welding. There is a complication 

in assessing the permissible quality of weld spots. The permissible quality is not given by standards e.g. as 

with fusion arc welding methods. Quality assessment is usually based on company specifications, product 

codes or contractual relationships and agreements. Destructive tests can be only used for limited scope of 

control. They are time consuming and economically challenging (e.g. peel test, chisel test, hardness 

measurement, cross tension test). Non-destructive options used for RSW are tests such as visual and 

ultrasonic testing. These tests are however also time consuming and expensive. The possibility of using 

acoustic emission for quality control of weld joints was assessed by Polajnar at al. [1]. They concluded that 

because of too much interference signals, the quality of weld spot can not be detected from the acoustic 

emission alone. Non-conventional, newly proposed non-destructive testing method to assess the weld quality 

is thermographic measurement. For proper evaluation of thermograms, it is necessary to know the ranges of 

welding parameters when the weld is satisfactory. At the same time, it is necessary to know the influence of 

individual parameters on the quality of the joint. Kapsa [2] used DoE analysis to determine the influence of 

welding parameters and explicit expression of the nugget size. His results shown that the larger the diameter 

of the nugget, the greater the spot strength. He says the most important parameter is the welding time, which 

has 70 % influences on the quality of the joint. His results are confirmed by Wei Li et al. [3]. On the contrary, 

Aslanlar et al. [4] say that the most important parameter in spot resistance welding is the electrode force. Huin 

et al. [5] have concluded, that smaller metal splatter has a strong influence on the welding electric voltage but 

does not have a significant effect on the tensile strength. This is confirmed by Saha et al. [6], which argue that 

if the welding current is higher than 5 kA, cracks in the weld nuggets appear to have little effect on the strength 

of the joint. 
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2. MATERIALS  

The 0.7 mm thick deep-drawing steel, one of the most commonly used materials in the automotive industry, 

was chosen as a parent material, (the material is also used by Škoda Auto a.s., for example for the roof 

structure of model Škoda Octavia). The used unalloyed deep-drawn steel has the designation DC06 (according 
to ČSN EN 10152). The chemical composition of the steel is in Table 1 and mechanical properties in Table 2.  

Table 1 Chemical composition of steel DC06  

C [%] P [%] S [%] Mn [%] Ti [%] Fe [%] 

0.02 0.02 0.02 0.25 0.30 ≈ 99.3 

Table 2 Mechanical properties of steel DC06 

Re [N / mm2] Rm [N / mm2] A80 [%] 

max 180 270 - 350 41 

The steel is galvanized from both sides. The thickness of the zinc layer was verified non-destructively by the 

electromagnetic method in accordance with EN ISO 2808. The average Zn coating thickness (on one side) is 

4.5 μm. For welding the electrode caps type 39 D 1978-2 from material A2/2 - CuCr1Zr were used. Chemical 

composition of the cap is: Cu = 98.98 %, Cr = 0.9 %, Zr = 0.12 %.  

3. EQUIPMENT 

The device DeFelsko positector 6000 was used to determine the thickness of the coating. The Dalex PMS 11-

4 medium-frequency welding resistor with control unit SER Mega 2 MF was used for welding. For the shear 

test, the Labtest 5.100 SP1 digital vertical hydraulic testing machine was used with a force measurement 

system according to ČSN EN 7500-1. For UT, the Olympus Epoch 650 ultrasonic defectoscope was used, with 

spot joints probe with watertight adapter and replaceable rubber membrane. The pulse-echo method was used 

for the testing. 

4. EXPERIMENT 

With the help of SW Design Expert, the experiment was designed to assess the effect of individual welding 

parameters on the quality of the spot resistance joint. Another aim of the experiment was explicit expression 

of weld nugget diameter as a function of welding parameters.  

To evaluate the influence of individual welding parameters, the DoE (Design of Experiments) method was 

used, which is an experimental strategy that simultaneously examines the effects of several factors by testing 

them at different levels. The following parameters were chosen as evaluated factors: welding current Is [kA], 

electrode force P [kN] and welding time ts [ms].  

Recommended welding parameters (factors) for joining of thin sheet steel with Zn coating is given by ČSN EN 

ISO 14373 (2015). For 0.7 mm thick sheets, the standard specifies the following ranges of parameters: welding 

current Is = 7 - 9 kA, electrode force P = 1.9 - 2.2 kN and welding time ts = 160 - 200 ms. The recommended 

diameter of the contact surface of the electrodes is 4 mm. In the automotive industry, however, in most of the 

cases, diameters of 5 mm are used. Therefore, electrode caps with a diameter of 5 mm of contact area were 

used for this experiment. For this reason, the recommended parameters have been slightly reduced to achieve 
satisfactory welds without defects. All factors were chosen at three levels (Table 3). 
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Table 3 Factors and their levels for DoE method 

Factor / level Is [kA] P [kN] ts [ms] 

Level 1 6 1.9 160 

Level 2 7 2.0 180 

Level 3 8 2.1 200 

The following quantities (responses) were selected as information about the quality of spot joint: shear force 

necessary for weld breaking F [N] - numerical value, the nugget diameter d [mm] - numerical value, the 

thickness of compressed sheets h [mm] - numerical value, the result of the ultrasonic test (1 - suitable, 0 - not 

suitable). The welded samples were therefore checked by ultrasonic test (UT). During UT the sheet thickness 

was measured at the the area of compression by the electrodes. Furthermore, a mechanized shear test 

according to EN ISO 14273 was used to determine the maximum force required for breaking the sample. The 

nugget diameter was measured on the broken samples. The method of response area was used to evaluate 

the measured values. Measured data in all cases (except UT result) best corresponded with linear model 
without transformation (see Table 4). To evaluate the UT result, the quadratic model without transformation is 

the most appropriate. The condition "Prob> F" is less than 0.05 in all cases, so models are significant. The 
influence of individual factors on the responses (in the examined range) can be seen from Table 5 and Table 6. 

Table 4 F values and Prob>F for models of responses  

Response Max shearing force F Nugget diameter d Sheet thickness in 
point of indentation h 

Result of UT 

F value Prob > F F value Prob > F F value Prob > F F value Prob > F 

model 7.81 0.0006 17.52 0.0001 12.83 0.0001 4.44 0.0021 

Table 5 F values and Prob>F for responses in linear model 

Response Max shearing force F Nugget diameter d Sheet thickness in point of 
indentation h 

F value Prob > F F value Prob > F F value Prob > F 

Welding current Is 13.9 0.0009 46.31 0.0001 37.56 0.0001 

Electrode force F 0.92 0.3458 0.57 0.4559 0.62 0.4386 

Welding time ts 8.60 0.0066 5.69 0.0241 0.31 0.5791 

Table 6 F values and Prob>F for responses in quadratic model (A = Is, B = P, C = ts) 

UT A B C A2 B2 C2 AB AC BC 

F value 0.46 1.84 4.13 18.12 0.17 0.75 2.75 11.01 0.00 

Prob > F 0.5052 0.1892 0.0544 0.0003 0.6834 0.3948 0.1112 0.0031 1.000 

The results show that welding current is the only parameter that has a significant impact from the selected 

range of parameters (given by welding areas according to ČSN EN ISO 14373). The fundamental influence of 

the electrode force on any of the responses has not been observed, it is lost in the noise. The welding time 

(compared to the welding current) has a smaller effect on the size of the nugget and is closely related to 

maximum shear force needed for broke the sample. The proportion of the welding current effect (F value) is 

more than 8 times. The welding time has the effect to UT result only in combination with the welding current 

setting. 

Therefore, the next experiment was devoted to the influence of the welding current (6, 6.5, 7, 7.5, 8 and 8.5 kA) 

and the other welding parameters were kept constant (P = 2 kN, ts = 180 ms). The number of repetitions was 
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7. DoE analysis shows that in this range of parameters, the welding current has a fundamental influence only 
on the nugget size (Table 7). For other responses, the effect of factor was not proven. "Prob> F" values of less 

than 0.050 indicate that the models are significant, which occurred only on "Nugget diameter" (Prob> F = 

0.0002). In this case, the factor "welding current" is a significant model condition. 

Table 7 F values of welding current effect for responses  

Responce F D h UT 

F value 1.27 6.67 0.71 1.57 

Prob > F 0.3005 0.0002 0.6182 0.1963 

In all cases, the significance of the factor is relevant to the given range. In hypothesis testing, the response 

values were found to match the Student's distribution and the T-test. The results of the experiment are 

therefore relevant. According to the assumptions, the nugget diameter is the most significant response. 

Explanation of the nugget diameter was determined by the variance analysis (ANOVA), depending on the 

welding parameters set:   

Nugget diameter = 1.878 + 0.455 · Is - 0.506 · P + 0.008 · ts          (1) 

where: Is  - the welding current, (kA)P  - the electrode force (kN) and ts - the welding time (ms). 

5. DISCUSSION 

The nugget diameter increases with increasing welding current (6 to 7 kA) (Figure 1 - left). The scattering of 

values at the lowest currents is approximately the same (Figure 1 - right). From 7 kA upwards, the instability 

of the welding process can be seen from the scattering of values. This manifests itself as a larger scattering 

of the nugget diameter. Fluctuations in average nugget diameter at higher currents are due to defects. 

Especially after the splash of metal, this material is missing in the nugget.  

  

Figure 1 The dependence of the nugget diameter on the welding current (left) and the scattering of nugget 

diameter values (right) at different welding currents, P = 2 kN, ts = 180 ms 

From the shear force dependence on the welding current (Figure 2 - left), it is clear that the highest bearing 

capacity have welds made with the lowest parameters (6 and 6.5 kA). From 7 kA up bearing capacity 
decreases and scattering of values increases considerably (Figure 2 - right). With these high currents, most 

of the welded joints did not comply with the UT test, which corresponds to the results in Figure 1. The zinc 

adhering to the surface of the electrode averts the current transit through the welded sheets. With the 
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increasing number of welds, the thickness of the zinc layer on the electrode increases. At the same time, the 

quality of the welds decreases.  

  

Figure 2 Dependence of the maximum force required for breaking the weld on the welding current (left) and 

scattering of the maximum force values (right) for different welding currents, P = 2 kN, ts = 180 ms 

  

Figure 3 Dependence of spot thickness on welding current (left) and scattering of spot thickness values 

(right) at different welding currents, P = 2 kN, ts = 180 ms 

 

Figure 4 Dependence of UT result on welding current, P = 2 kN, ts = 180 ms 
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The weld thickness increases with increasing current (Figure 3 - left). The scattering of values increases 

equally (Figure 3 - right). This may be due to the adhesion of Zn from the coating or Cu on the surface of the 

electrode, and this greatly affects the results of measuring the thickness of the compressed sheets. Zn coating 

significantly deteriorates both the fussion and resistance weldability of steel, as confirmed by Vontorová [7]. 

From ultrasonic test evaluation, it can be seen that most of the welds are suitable again at the lowest 
parameters. At the 6.5 kA current, even all joints was suitable (Figure 4). At the same current, almost the 

largest nugget diameter was also measured. This is also related to the highest value of the maximum shear 

force required for breaking weld. With a current greater than 7 kA, significant part of the welds examined do 

not suit. The results from UT correspond to the above information.  

6. CONCLUSION 

The properties of coated steel sheets used in the automotive industry are constantly evolving and improving. 

Therefore, it is necessary to modify the welding parameters.  The goal is a high-quality weld joint especially in 

terms of strength requirements. The appearance of weld nuggets and their dimensions are dependent on the 

thickness of the sheets, the used materials (including surface treatments) and the used welding parameters. 

Based on the research, it was found that: 

• The welding current has the greatest influence on the quality of the weld joint 

• The most important factor determining the joint quality is the nugget diameter 

• The nugget diameter can be explicitly expressed as a function of the welding parameters: Nugget 

diameter = 1.878 + 0.455 · Is - 0.506 · P + 0.008 · ts 

The above conclusions are valid in the examined range of parameters, i.e. in the range of welding current 6 to 

8.5 kA, electrode force 1.9 to 2.1 kN and welding time 180 to 200 ms. 
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Abstract  

Austenitic stainless steel with higher chromium and nickel contain are often used as popular material in the 

energetics, chemical, food processing and medical applications. That material has a suitable combination of 

strength and corrosion properties for a given purpose. Their processing technologies are also not above-

sophisticated. For these materials are typical some of the following degradation processes. In case of corrosion 

some types of localized corrosion attack types, such as intergranular, corrosion cracking, etc. It is also 

necessary to monitor fatigue processes and influences. 

This article discusses the causes of damage of the sieve of the vibratory separator of MgCl2 
. 6H2O. Sieve is 

made from Steel AISI 304. Damage manifested itself with the cracking of certain strand (wires), mostly in the 

area of the outer circular frame. The damage started to occur after change of the vibration (frequency) 

parameters. The possible influences of chemical damage by environment or corrosion attack were observed, 

mechanical stress, fatigue, etc. 

For research the methods of optical microscopy and SEM analysis were applied. Fractographical analysis of 

fracture surfaces, evaluation of mechanical properties (hardness) and verification of chemical composition was 

carried out. The results show the majority influence of fatigue damage. 

Keywords: AISI 304 steel, Fatigue, vibration separator, Corrosion environment, damage analysis  

1. INTRODUCTION 

The aim of the article and analysis is to determine the causes of mesh vibrating screen, which is part of a line 

for production of a crystalline salt of magnesium chloride (MgCl2·6H2O) and serves to separate of the product 

with unsuitable grain size [1 - 9]. 

AISI 304 steel is the basic type of chromium-nickel austenitic stainless steel. This is the most used stainless 

steel. Due to low carbon content, has this steel good weldability properties. Mechanical properties are also 

very good. Thanks to these features, industrial use is broad-spectrum [2, 5-7, 9]. 

Magnesium chloride has a very high degree of aggressiveness against austenitic-structured steel. The product 

of the attack is pitting corrosion or corrosion transcrystalic cracking. The attack occurs in the liquid phase, 

which can coexist with the crystals at RH > 33 %. Corrosion cracking may occur even at temperatures of 30 - 

40 °C. Production of stresses that are necessary for corrosion cracking can also result in residual stresses at 

a low level. The influence of the environment could be as an occasional supportive factor at the stage of 

initiation (possibility of initiation of short cracks or pits). Contamination of the surface during technological 

pause can be the cause of corrosion centers (pits) that may act as stress concentrators during further 

operational loading [4, 7].  

2. MATERIAL AND TEST METHODS 

The supplied material is the sieve of the magnesium chloride vibration screener (Figure 1). In the mesh of 

sieve occurred break of many threads. The disorder appears to be random and occurred after three weeks of 
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operation. Normally, the screen is serviced without failure for five months. The "Magnesium line" runs in 

continuous operation with a capacity of 950 - 1500 kg / h, with the vibrator motors being set at 1500 rpm. 

According to the operator's data there is no problem with the sorter setting, the quality of the material and other 

commonly observed qualitative parameters. Technology of bonding sieve to frame, string material and 

production technology, congestion, congestion, or other operating parameters stay unchanged. The only 

change is that during the last assembly of the sorter was replaced by vibromotors and a screen with a new 

(assessed) sieve was put in another operation 3000 rpm vibrator.  

Sieve parameters with 600 mm diameter: 

Sieving frame, closed profile 25 x 25 mm, material AISI 304. 

• Mesh 3.15 x 3.15 mm, 0.8 mm wire diameter, AISI 304 material. 

• Glued joint not specified, temperature resistance reported to 120 °C. 

• The screen was operated 576 hours (24 days) at 3000 rpm and 50Hz  

The analysis was focused on the possibilities of corrosion and mechanical stress, as well as on the chemical 

composition of the screen wire. For the analysis of micro and macrostructure, classical light and 

stereomicroscopy, SEM analysis for fracture assessment, HV0.5 hardness measurement, and chemical 

composition verification by wet way decomposition were used [2 - 5]. 

  

  
Figure 1 Sieve - the overall view; working scheme; detail of area A; wire numbering 

3. RESULTS AND DISCUSSION 

From the point of view of the surface, the wire mesh is not smooth, but in addition to the broken wires, no 
cracks have been found in other places. (Figures 2 and 3) 
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                    Figure 2 State of wire in area A                              Figure 3 Fracture in area A 

3.1. Metalography 

For the metallographic analysis of the wire material, which forms the mesh screen, several cuttings were 

prepared from the area of the input and from the region of the occurrence of fractures - A. The plane of the 

cuts was oriented in the transverse and longitudinal direction relative to the wire axis. Cracks on the wires No. 
1, 4, 6 and 11 (Figure 1) were observed by metallography. No cracks on the metallographic cut of fracture 
surfaces were found (see Figures 4 and 5). 

  
       Figure 4 Longitudinal wire cut - microstructure        Figure 5 Transversal wire cut - microstructure  

  

   Figure 6 Beraha solution etching - area of bending   Figure 7 Beraha solution etching - area of fracture 

250 
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Beraha II (HCl + water + NH4FHF) solution etching showed a microstructure in the wire bending and fracture 
area in the longitudinal cut [1]. In the bending region (Figure 6) of the screen wire, the sloping bands and the 

origin of the deformation-induced phase transformation were found from the upper and lower sides. This 
microstructural change was also found in the area of the fracture (see Figure 7). 

3.2. Fractography 

A portion of the sieve with the occurrence of fractures was separated from area A. Extremely worn fracture 

surfaces were excluded from further fractographic analysis and were used in metallographic analyses. 
Specifically, fractures No. 1, 4, 6 and 11 were numbered according to Figure 1. On the most preserved fracture 

areas - no. 5, 7, 10 and 12 have been found in the progress lines, the striations typical for fatigue failure (see 
Figure 8). The failure initiation is located on the top, hopper side of the screen. The exception is fracture No. 

8, where a technological notch was found on the underside (wire perimeter of the sieved sieve outlet). At 

fracture 9, the fracture area is damaged by scratching, the determination of the initiation site is problematic, it 

is not possible to exclude the initiation and the procedure of the crack from the opposite surfaces (through the 

diameter of the wire) from the macroscopic view. 

 

Figure 8 Fracture surface No. 7:  Global view; striations; initiation 

The initiation of the fractures No. 2, 5, 7, 10, 12 occurred on the upper side of the screen; Fracture No. 8 on 

the underside of the screen - the opposite side. The unequivocal determination of initiation at fractures 3 and 

9 is problematic. 

3.3. Hardness 

The results of the hardness tests for HV0.5 wire are given below in Table 1. The hardness was measured on 

the metallographic cut in the polished state in both longitudinal and transverse directions. 

Table 1 Results of hardness measurement 

Direction of specimen Average HV0,5 st. dev. 

Transversal 296 43.2 

Transversal with fractures 288 10 

Longitudinal 241 37.5 

The hardness results showed a slightly higher hardness value for fractured wires that indicates the austenitic 

steel reinforcement mechanism. 
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3.4. Corrosion Attack 

In detail, small corrosion products were visible on the wire surface. It cannot be excluded, that this corrosion 
damage was partly caused by shutdown of the screen and next storing (Figure 2) due to residual 

contamination of the surface. An elevated temperature of the sift product would contribute to corrosion 

cracking, but only when critical relative humidity is exceeded. On some fracture areas origins of cracks with a 
plane perpendicular to the magistral plane were found (Figure 8). The influence of the environment could 

contribute to shortening the initiation and propagation rates, but the driving factor is the fatigue stress of the 

wire and the lower structural stability of the steel. 

3.5. Chemical Analysis 

Chemical analysis was carried out by decomposition on a wet way using 41g wire sieves. The results are 
shown in Table 2. 

Table 2 Chemical composition analysis 

 Element Co Cr Cu Mn Ni Si P Pb V Zn Mo Ti C S N 

Analysis 

wt. % 

0.082 17 0.26 1.07 7.81 0.46 0.048 <0.01 0.085 0.004 0.1 0.004 0.1 0.01 0.0687 

AISI 304 
- 18-

20 
- max 

2 
8- 

10.5 
max 

1 
max 

0.045 
- - - - - max 

0.08 
max 
0.03 

- 

From the viewpoint of the results of the chemical composition analysis, for the AISI 304 steel is unsuitable for 

a higher content of C, P, and a low Ni content. The steel was in the limit state of stability γ - phase (austenite), 

which resulted in reduced structural stability expressed by criteria MS = 152.2 °C, Md30 = - 4.9 °C. 

4. CONCLUSION 

Due to the occurrence of progressive lines (striations) on the fracture surfaces, it can be stated that in the 

initiation phase there was active fatigue damage. 

This fact supports the use of a 3000 rpm vibrator. Instead of 1500 rpm, which are a doubling of the stress 

frequency. The deformation properties of AISI 304 steel are controlled by the combined effect of deformation 

hardening of the austenitic phase and the formation of deformation-induced martensite. The martensitic phase 

transformation affects the plastic properties of AISI 304 steel. The martensitic phase increases the hardening 

of the material. Due to the brittleness of martensite, it reduces the fracture toughness of the steel. 

The influence of the environment could contribute to shortening the initiation and propagation rates, but the 

driving factor is the fatigue stress of the wire and the lower structural stability of the steel. The operated screen, 

with the magnesium chloride support medium, is so critically stressed that local sieving of the screen wire and 

consequent fatigue failure occurs. 
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Abstract  

The mechanical and corrosion properties of weathering steel had been deeply studied in 70 and 80 ties of last 

century. In this period a lot of structure was built in the Czech Republic. The paper analysis the stage of the 

existing steel structures made from weathering steels exposed for long-term period in various environments 

and evaluation of the specific corrosion stress in areas which may affect service life of structures, microclimatic 

parameters of structures and defect and failure causes. The forming of protective patina layer, initial corrosion 

rate and other characteristics of weathering steels will be analysed in significantly changed conditions of 

atmospheric environments in the Czech Republic and in Europe too. As the corrosivity of atmosphere 

significantly changed during 1995-2005 the corrosion rate was reduced. Paper performed a new data of 

corrosion rate and comparison of change of weathering steel samples exposed in atmospheric test sites and 

real bridge structure. The effect of steel structure design was studied too. 

Keywords: Weathering steel, properties, corrosion rate 

1. ATMOSPHERIC CORROSION BEHAVIOUR OF WEATHERING STEEL 

Low alloy steel with improved resistance against atmospheric corrosion, called weathering steel, is one of the 

atmospheric corrosion resistant material thanks to oxide layer called patina, that create on the surface of the 

material. Their weather resistance is based mainly on the effects of the alloying elements copper, phosphorus, 

chromium and nickel - totally ca 2 wt. %. Weathering steel is a material that provides a great potential 

advantage for use in steel structures like bridges in terms of improved durability and lower construction and 

maintenance costs. 

In 1910 was first reported that carbon steel containing 0.2 percent or more of copper had from 1.5 to 4 times 

the atmospheric corrosion resistance of carbon steel with a residual copper content [1]. The most significant 

differences were found in severe industrial atmospheres. The first use of sheets in a building occurred in 1939 

and in highway bridges in 1935. Since 1950ties the application of weathering steel for building structures (e.g. 

JD Company building Moline, Chicago Civic Center, USX Tower Pittsburgh), electrical transmission towers 

(U.S. Steel plant, Bethlehem Steel plant, Burns Harbour, Virginia Power and Light company) and bridges (New 

Jersey Turnpike bridge in 1964) started in the USA and then spread around the world. Together with application 

the study of long-term corrosion behaviour had been performed.  

In the former Czechoslovakia the low alloy steel called Atmofix had been developed and use since 1970ties. 

The program of study the long-term corrosion behaviour of this material was realised on the atmospheric test 

sites and on real structures too. 

The protective oxide film formed on weathering steel adheres tightly to weathering steel in fine, dense grains 

that are relatively impervious to further atmospheric corrosion, thereby sealing the base metal from the air and 

further corrosion. The protective oxide film has different colours than the rust on other carbon steels, ranging 

from a dark reddish-brown to purple grey, depending on the age of the structure, the pollutants in the air, local 

weather conditions, or the location of the steel within the structure. The appearance, texture, maturity, and 
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anticipated utility of a protective oxide film depends on several factors, e.g. age, degree of exposure, and 

environment.  

The corrosion rates of weathering steel vary with time. During the initial period of exposure, the protective 

patina develops and stabilises. Under normal weather conditions the patina will form in about 18 - 96 months. 

After this procedure the corrosion rate is reduced. The time for the rust patina to become effective in controlling 

corrosion depends upon the specific environmental conditions. 

2. LONG-TERM CORROSION LOSS IN THE CZECH REPUBLIC  

The first studies of corrosion losses of weathering steel performed in the Czech Republic had been performed 

in 70 and 80 ties of last century mainly as standardized atmospheric tests on atmospheric test sites and in 

specific microclimates too. In that time the first steel structures had been built using this type of steel (electric 
distribution poles, lighting mast, bridges, building cladding, etc. - Figure 1) and their corrosion behaviour was 

followed for 10 years [2 - 10]. After year 1980 about 20 weathering steel bridges were built - their periodical 

evaluation of the corrosion effects had been performed and causes of defects were defined. In 1990ties the 

effect of design and local specific pollution had been identified as the main reason for damage of protective 

patina forming and higher localised corrosion attack of structures [11 - 14]. 

   

 

Figure 1 Examples of steel structures built in 1970ties from weathering steel 

Atmospheric corrosivity of the atmospheres in Europe as same as in other industrial developed countries in 
the past was very high due to high level of acidic pollution, mainly SO2. In Figure 2 there is a long-term 

corrosion behaviour of weathering steel according to the field test performed in period 1970-1995 in the Czech 

Republic. Long-term exposure realized at 80ties showed the trend of decreasing of corrosion rate to steady 

state rate after ca 5 years of exposure. Since 1995 and later since 2005 the significant decreasing of SO2 in 

air led to decrease of corrosion rate of weathering steel and increase time needs to develop protect patina.  
In Figure 2 the comparison of corrosion loss of weathering steel at industrial environments of the Czech 

Republic is shown in different corrosivity, resp. SO2 pollution level. There are data from standard flat samples 

exposed according to EN ISO 9223 at atmospheric test sites. The difference between corrosion rate of mild 

carbon steel and weathering steel is evident after 15 - 20 year and in environments with SO2 higher than  

10 - 15 μm / m3. 
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Figure 2 Corrosion of weathering steel in industrial environment of the Czech Republic 

The similar effect cannot be seen on real bridge structures. In 1970ties and 80ties the samples had been 

exposed on bridges at Prague and Brno. Both these bridges are affected by traffic under the bridge. The short-

time exposure (1, 2, 3, 4 and 8 years) corrosion loss on Prague bridge are the same in 1980ties and 2010ties 

- the decreasing of air pollution does no any significant effect but the traffic under bridge shows the dominant 

effect on corrosion loss/rate. Nevertheless the corrosion loss of samples exposed on bridge structure show 

lower corrosion loss than samples exposed on test sites. 

One of typical parameter of patina layer is its thickness. Average thickness of protective, adherent patina on 

long-term exposed steel structure (> 25 years) is 175 μm. Mainly on bridges patina thickness is affected by 

position of beam or flange surface (vertical, horizontal), degree of sheltering and water leakage from bridge 
deck (Figure 2). Thickness of non-adherent, partially protective corrosion product layers was from 350 to 

600 μm; layers with thickness over 800 μm were very voluminous and formed o surface affected by leakage 

of water onto steel structure, in many cases containing chlorides from de-icing salts.   

The decreasing of air pollution has also effect on time development of chemical composition of patina. Patinas 

are made up of compounds of α, β, γ and δ iron oxyhydroxides (FeOOH) and magnetite in different proportion. 

Their composition, density and morphology depend on the environmental conditions of the place they are 
formed in. The dominate goethite phase represent the protective patina. In contemporary environment the 

protective patina formed after 8 years of exposure only at atmospheric test site where the SO2 is higher than 

10 - 15 μm / m3. At test sites with lower air pollution the corrosion products contain mainly lepidocrocite after 

this exposure period. 

3. THE EFFECT OF SALT DEPOSITION 

Weathering steel structures proved long-term service life under conditions of surface alternate wetting and 

drying. Protective patina does not develop under conditions of: 

• surface prolonged dampness - usually wrong design of the structure, 

• in excessive exposure to chlorides - a salinity classified interval of S3 according to ISO 9225 shall rule 

out the use of weathering steel, e.g. 300 mg / (m2d), 

• particularly high levels of atmospheric pollution, the maximum limit for SO2 is classified interval P4 
according to ISO 9225, e.g. 90 μg.m-3. 

In inland areas, sources of chlorides are primarily de-icing salts used in winter maintenance of roads. 

Therefore, the structures located near motorways with high road traffic are the ones that could be affected by 

chloride deposition. This is the environments in the Czech Republic. The difference between weathering steel 

samples exposed to urban, industrial and traffic environment at test sites with practically the same climate 
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conditions after 8 years exposure in period 2006-16 are shown in Figure 3. The effect of de-icing salts is 

evident on all evaluated corrosion parameters - appearance, thickness, print macrostructure and composition 

of corrosion products and corrosion loss, too. The chloride deposition rate is about 2.40 mg / (m2d) at 

atmospheric test sites in the Czech Republic which are not affected by traffic.  

urban test site,  
4.6 μg.m-3 SO2 

industrial test site,  
11.4 μg.m-3 SO2 

traffic test site,  
2.5 μg.m-3 SO2 

   
thickness 75 μm thickness 130 μm thickness 115 μm 
corrosion loss 20 μm corrosion loss 55 μm corrosion loss 40 μm 

   
strong lepidocrocite, weak 

goethite 
strong goethite, weak 

lepidocrocite 
very strong lepidocrocite, weak 

goethite 
AAS analysis - no Cl AAS analysis - 0.05 wt. % Cl AAS analysis - 0.25 wt. % Cl 

Figure 3 Corrosion of weathering steel in different environment  

The effect of de-icing salt is mostly significant for bridge structures made from weathering steel. The tests of 

effect of deicing salts on weathering steel bridges had been realized mainly in the USA, the UK and Japan [15 

- 25]. Based on evaluation of 41 bridges it was recommended to use the weathering steel at environment 

where the corrosion loss of weathering steel is 0.6 mm after 50 years [25]. Studies indicate the most important 

factor leading to excessive of corrosion of weathering steel bridges is the runoff of water contaminated with 

the deicing salts through leaking deck seal, expansion dams or open joints. During the inspection of bridges 

there were found many defects caused by these functionless, blocked or trimmed elements. In these cases 

precipitation containing de-icing salts leaked on weathering steel surface and destroyed the protective ability 

of patina layer. The affected areas are strongly limited and represent only minor areas of construction 
(Figure 4). Realised tests with 25 years old corroded samples with stable, protective patina showed the layer 

is quickly destroyed by chloride contamination [26]. 

Since 2013, the program of corrosion specimens installed on 10 weathering steel structures on 97 specific 
surfaces in the Czech Republic started (Figure 5) [27]. The corrosion specimens were installed on the bridge 

structures in such a way to simulate realistic behaviour of the investigated structural element surface 
(Figure 5). There were choosing typical location, e.g. outside wall of main beam, upper surface of bottom 

flange and bottom surface of top flange. For structures or parts of structures where the use of de-icing salt is 

likely to lead to substantial deposits of chloride on steel - on such bridge structures the chloride deposition is 

measured by wet candle and dry cloth methods according to EN ISO 9225.  
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Figure 4 The negative patina appearance in bridge areas affected by leakage from the drainage system 

(missing gutter has been stolen) after 2 years of exposure 

  

Figure 5 Views of a tested bridge structure 

The results of the tests carried out on bridges in the Czech Republic are shown in Table 1 for 2 specific 

conditions - bridges without traffic under them and bridges with traffic under bridge, which with its design 
solution creates the conditions partially corresponding to the conditions in the tunnel, the so-called tunnel-like 

conditions (Figure 6). In general higher corrosion loss for all exposed surfaces had been found for bridges 

with “tunnel effect”, but in both exposure conditions the highest corrosion loss occurred on upper surface of 

bottom flange. 

Table 1 Corrosion loss (μm) of weathering steel specimens exposed at typical areas of bridge structure 

Typical areas 

1 year exposure 3 years exposure 

Bridges without 
effect of de-
icing salts 

Bridges with 
effect of de-icing 

salts 

Bridges without 
effect of de-icing 

salts 

Bridges with 
effect of de-
icing salts 

internal wall  12.0  5.3 19.6 9.0 

internal upper surface of the flange 35.2  13.7 42.3 23.8 

shelter surface of bottom flange  10.8  11.9 18.9 20.4 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

747 

 

Figure 6 Schematic drawing of tunnel-like conditions under the bridge 

The chloride deposition on these surfaces is higher only in winter months but during other seasons of the year 
is practically the same as at atmospheric test sites not affected by traffic - Figure 7. The yearly average value 

on the bridge bottom flange surface (steel structure with the traffic under the bridge) is only 13.1 mg / (m2d).  

 
Figure 7 Chloride deposition measured by the wet candle method 

4. CONCLUSION 

When designing the load-carrying structures with the designed service life of as many as 100 years, the 

weathering steel can be used as a standard structural material. 

Although this is an ongoing project and not much result has come out yet, some observations including those 

from the pre-investigation are available: 

• nevertheless the atmospheric corrosion rate of weathering steel decreased in contemporary 
environments in the Czech Republic, the corrosion losses of bridge structures are practically the same 

as in 1970-80ties, 

• the corrosion loss of bridge structure surfaces is lower than in atmospheric conditions with only one 

exception - upper surface of bottom flange in case of bridges affected due to “tunnel effect”.  
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Abstract 

The intended operation time prolongation of the key components of fossil-fuelled power plants working in the 

creep conditions over 200,000 or even 250,000 hours (far beyond their original design lifetime) must be 

accompanied by thorough and extensive monitoring of the current material state and particularly creep 

damage. The extent of cavitation damage is routinely tested in-situ by using replica method and its 

quantification is based on a practice stated in VGB-TW 507, NORDTEST NT TR 170 or NORDTEST NT 

TR 302 that further develop the original Neubauer's classification. Although the evaluation of cavitation 

damage based on the measurement of the number of cavities and/or creep micro-cracks is a routine activity, 

what is still in question is the depth of the damaged area and the corresponding material properties through 

the wall thickness.  

Mutual correspondence between the creep damage evaluation performed in accordance with NORDTEST NT 

TR 302 and VGB TW 507 was carried out in a pipe bend made of a low-alloy 0.5Cr-0.5Mo-0.3V steel which 

was creep exposed at 525-540 °C for more than 225,000 hours and the relation between creep damage at the 

outer surface of the pipe bend (as a typical result of replica testing) and mechanical properties of the whole 

pipe bend were discussed in the paper with reference to the residual life assessment. 

Keywords: 0.5Cr-0.5Mo-0.3V steel, long-term creep exposure, cavitation, creep damage, residual life 

1. INTRODUCTION 

Many of the fossil-fuelled 110 MW and 200 MW boilers in the Czech Republic are at present operated after 

their design life. This is especially the case of steam pipelines (some of them have been operating for nearly 

300,000 hours), while the economizer, super-heater and re-heater tubes have been already changed. The 

question of prolonged lifetime of steam pipelines is therefore of great urgency not only due to the economic 

impact but also with regard to the safety reasons.  

In order to access the safe life or time period for repeated assessment of the material properties of high 

temperature components, many methods based on evaluation of cavitation or cavitation damage are used 

around the world. The correct interpretation of analyzed creep cavitation damage requires evaluation of the 

extent of cavitation damage according to clearly defined and generally accepted damage scale.  

In the present paper the attention will be paid to the comparison of the cavitation damage classification of a 

pipe bend made of low-alloy 0.5Cr-0.5Mo-0.3V steel and creep exposed at 525-540 °C for more than 225,000 

hours and the correlation between cavitation damage and other mechanical properties of the respective pipe 

bend. 

2. METHODS OF QUANTIFICATION OF CREEP CAVITATION DAMAGE 

Several rules or enterprise standards are currently available worldwide describing the guidelines for analysis 

and assessment of the extent of creep damage, namely VGB TW-507 [1] (nowadays supplemented with VGB 

S-517-00 [2], NORDTEST NT TR 170 [3], NORDTEST NT TR 302 [4] and others. Although all of them are 
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based on replica testing and originate in the same Neubauer´s evaluation method of creep cavitation damage 

[5], the first two guidelines provide namely photographs of reference microstructures of the mostly used high-

temperature steel grades in various states of cavitation damage and the criteria for their evaluation are rather 

vague, the second two of Scandinavian origin provide more exact rules for classification of cavitation damage 

and strictly quantify the extent of cavitation in the respective damage classes. The German guideline VGB TW-

507 [1] (and now VGB S-517 [2]) does not state explicitly and in detail how each class of damage is defined, 
but refers only to the Neubauer´s division of damage classes, as shown in Table 1. 

Table 1 Description of Neubauer damage classes as used in VGB TW-507 

Assessment class Description of damage 

0 As received, without creep exposure 

1 Creep exposed, without cavities 

2a Advances creep exposure, isolated cavities 

2b Numerous cavities without preferred orientation 

3a Numerous cavities with directional orientation 

3b Chains of cavities or grain boundary separation 

4 Microcracks 

5 Macroscopic cracks 

The VGB TW-507 shows a complete set of micrographs in the as received and after various classes of creep 

cavitation damage for a wide range of heat resistant materials, and therefore it is used or at least referred to 

by a large group of professionals dealing with residual life assessment not only in Germany but also in the 

neighboring countries, including the Czech Republic. 

On the other hand, in the NORDTEST NT TR 170 the reference micrographs of the creep cavity damage are 

stated only for selected conventional low-alloy steels 14 MoV 6-3 (0.5 Cr-0.5 Mo-0.25 V), 13 CrMo 4-4 (1 Cr-

0.5 Mo) and 10 CrMo 9-10 (2.25 Cr-1 Mo) Micrographs were selected from a large number of replicas, all taken 

from power plant components after they were in operation for more than 80,000 hours and mostly from different 

welding areas. Optical (and also scanning electron) micrographs show the extent of damage in each 

assessment class of cavitation damage in magnification that is commonly used in replica inspection (200, 500, 

and 1000x). The principal difference between both methods was more detailed assessment class division in 

NORDTEST NT TR 170 and mainly quantification of cavitation damage in all classes given in the NORDTEST 

[3]. The comparison between the cavitation damage classification according to NORDTEST NT TR 170 and 
VGB TW-507 is shown in Table 2. 

Table 2 Relation of cavitation damage evaluation between VGB TW-507 and NORDTEST NT TR 170 

Damage scale 
No 

damage 

No 
cavitation 
(exposed) 

Isolated 
cavitation 

Oriented 
cavitation 

Microcracks Macrocracks 

NT TR 170 0 1 2.1 2.2 2.3 3.1B 3.2B 3.3B 4.1 4.2 4.3 5 

VGB TW-507 0 1 2a 2b 3a 3b 4 5 

Mutual correspondence between NORDTEST NT TR 170 and VGB TW-507 damage scales was then 

performed in the NORDTEST NT TR 302 [4] and this comparison resulted in a table with a new cavitation 
damage assessment criteria especially for Class 2 and 3, see Table 3. 
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Table 3 Definition of creep cavitation damage according to NORDTEST NT TR 302 

Class Damage type Definition of damage Remark 

0 No damage (new material) N≤ 100 cavities/mm2 with a size ≥0.5μm 
1) 

1 No cavitation (thermal exposure) N≤ 100 cavities/mm2 with a size ≥0.5μm 
1) 

2 Isolated cavities Cavities without chainlike formation or grain boundary separation 

1) 
2a - small amount 100 ≤ N ≤400 cavities/mm2 

2b - extensive N > 400 cavities/mm2 

3 Oriented cavitation Cavity chains/gb separations (max. 3 grains or 100 μm) 

1), 2), 3) 
  Type K Type C 

3a - small amount 50≤Lcmax≤200 μm 400≤N≤1600 cavities/mm2 

3b - extensive Lcmax>200 μm N>1600 cavities/mm2 

4 Microcracks Cracks with (3x grain size or 100 μm) < Lmax ≤ 2 mm 

3), 4), 5) 
4a - small amount Max (3x grain size or 100 μm)< Lmax ≤ 400 μm 

4b - extensive 400 μm < Lmax ≤ 2mm 

5 Macrocracks Cracks detectable in conventional NDT, Lmax > 2mm 
4), 5) 

1) N = area density of cavities on actual sample surface (cavities/mm2) 

2) Note that 

type K - damage refers to cases with little damage outside the main lines of damage; 

type C damage refers to cases with distributed cavity formations; 

- at low levels of orientated cavitation (class 3a lower limit) types K and C may be inseparable; 

- cavity chain = formation with several cavities on a grain boundary extending to adjacent grains 

- gb = grain boundary 

3) Lcmax = total summed maximum length of continuous cavity lines, each at least 50 μm in length and fulfilling the line 
density requirement of at least 100 cavities / mm of the grain boundary line under consideration, in an image with 

an area of 100 cm2 at 500x magnification. 

4) It is recommended that also the damage outside the cracks is indicated: e.g. 4b / 1; 4b / 3bC or 5 / 4a / 3aK 

5) Lmax = maximum length of the cracks; two cracks are counted as one, if their distance is less that the length of the 
shorter crack; the total length = combined cracks and ligaments projected in the main crack direction. 

The next chapter will describe the method and results of creep cavitation damage evaluation of a pipe bend 

made of low-alloy 0.5Cr-0.5Mo-0.3V steel after exposure at 525 - 540 °C for more than 225,000 hours. The 

analysis of cavitation damage was performed according the both methods described here and some interesting 

difference between them appeared. 

3. ANALYSIS OF CREEP CAVITATION DAMAGE AND MATERIAL PROPERTIES OF A STEAM 
PIPELINE BEND 

The metallographic analysis performed “in-situ” on the pipe bend by using replica method revealed the 

extended creep cavitation damage in two places about 150 mm away on the extrados of the pipe bend, 
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approximately in the centre of the bend. The piece was then replaced and the detailed microstructural analysis 

was made on several metallographic samples prepared from one of the damaged places in various depths 

parallel to the outer surface. After etching, the revealed microstructure was heavily tempered and formed a 

mixture of ferrite and carbides. The evaluation of the degree of the original ferritic-perlite and/or ferritic-bainitic 

microstructure decomposition was made by using classification for low-alloy creep resistant steels [6, 7]. 

According to this classification, the microstructure of the sample was evaluated as grade D., i. e. advanced 

spheroidization of the carbides and secondary carbides reprecipitated on the grain boundaries. 

Analysis of cavitation damage confirmed the results of replica testing and numerous chains of cavities of length 
not exceeding 200 μm were observed both on the outer surface and under it in depth 5 mm, see Figures 1 

and 2. At a depth of 10 mm, chains of cavities were observed mainly locally and isolated cavities were detected 

in small amounts, see Figure 3a). At a depth of 15 mm below the outer surface of the pipe bend, the number 

of cavities was further reduced, the chains of cavities were recorded only sporadically and the presence of 
isolated cavities was relatively limited, too, see Figure 3b). Finally, at a depth of 20 mm, the number of cavities 

was further reduced and the only isolated cavities were recorded, see Figure 4. 

         

Figure 1 Cavitation damage on the outer surface of the steam pipe bend (overall view and detail) 

         

Figure 2 Cavitation damage 5 mm under the outer surface of the steam pipe bend (overall view and detail) 

All results of the evaluation of creep damage performed according to the VGB-TW 507 as well as the 
NORDTEST NT TR 302 guidelines are summarized in Table 3 complemented by the results of hardness 

measurements (HV10) made in the same places where cavitation damage was assessed. 
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Figure 3 Cavitation damage 10 mm (a) and 15 mm (b) under the outer surface of the steam pipe bend 

  

Figure 4 Isolated cavities 20 mm under the outer 

surface of the steam pipe bend 

Figure 5 Hardness profile through the wall 

thickness 

Table 3 Evaluation of creep damage and hardness measurements at different depths under the outer surface 

 of the pipe bend 

Sample VGB-TW-507 NORDTEST NT TR 302 Hardness HV10 

Outer surface 3b 3a 153 

5 mm under outer surface 3b 3a 163 

10 mm under outer surface 2a, locally 3a 2a, locally 3a 157 

15 mm under outer surface 2a, rarely 3a 2a, rarely 3a 150 

20 mm under outer surface 2a 2a 148 

Additional hardness measurements through the wall thickness of the pipe bend were performed with the aim 

to find out how the cavitation damage affects mechanical properties of material. Hardness (HV10) was 

measured with a distance between indentations approximately 1 mm, conventional tensile tests and small 

punch tests samples were prepared as close to the outer surface as possible. The results showed slight 

hardness increase from the outer surface to 8 mm under the surface and then hardness decline towards inner 

surface, which is surprising in context of cavitation damage, more or less fluently decreased from the outer to 

inner pipe surface. 
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CONCLUSION 

NORDTEST NT TR 302 uses the quantitative approach to determine creep cavitation damage classes, which 

makes this method more objective making the observation results more objectively than the VGB TW 507, 

which is based primarily on a subjective visual evaluation and comparison of reference images of structures. 

NORDTEST NT TR 302 is, on the other hand, based on measurements and calculations of both the cavity 

area and the lengths, or the total length of cavity chains or micro-cracks. The practical consequence of such a 
different approach is the difference in the assessment of the cavitation damage classes stated in Table 3, 

when in the case of NORDTEST NT TR 302 the resulting degree of cavitation damage is lower than that of 

the VGB TW 507 (3a versus 3b). Creep cavitation damage evaluated according to NORDTEST NT TR 302, is 

therefore more objective control, which is less influenced by the subjective opinion of the evaluator, but the 

same evaluation can be expected at any time and by a third party. This objectification led, for example, to the 

above described situation, when evaluation according to the VGB TW 507 based on comparison of the sample 

microstructure with the reference images of 14 MoV 6 3 resulted in damage class 3b, however the total length 

of the chains of cavities neither exceeded 200 μm nor was the number of individual cavities higher than 

1600/mm2, which is a prerequisite for class 3b. 
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Abstract  

Powders are nowadays used as an input material not only for conventional powder metallurgy technologies, 

but increasingly also for additive technologies. Powder producers usually limit their description to an average 

chemical composition and typical particle size. However, the real particle size distribution might be much more 

complex than the one declared by producers and chemical composition of an individual particle also does not 

have to be homogeneous.  

Three different powders destined for additive manufacturing were analysed, 1.2709 maraging steel, stainless 

steel 316L and Inconel 718. Morphology and surface appearance of particles were evaluated from scanning 

electron micrographs. Metallographic cross sections of powders were prepared for subsequent microstructure 

analysis by scanning electron microscopy (SEM) and micro-hardness measurement. Surface chemical 

composition of individual particles and local chemical composition of powder cross sections were checked by 

energy dispersive X-ray spectroscopy (EDS). Average particle size and particle size distribution were 

established by image analysis of SEM images of randomly chosen samples of new powders. 

Keywords: Selective laser melting, maraging steel, stainless steel, Inconel 

1. INTRODUCTION 

Additive technologies, sometimes called also 3D printing, have been gaining increased importance in the last 

decade as a way of an efficient production of products with complex outer or inner geometries. There are 

generally more possibilities for an input material shape, whoever while plastic or composite materials could 

use various wires, metals are generally processed from powders [1, 2]. The nature of this processing is 

reflected in very unconventional microstructures of printed metals [3]. Commercially available powders of many 

engineering materials can be obtained for example from producers of printing devices. The powder are 

commonly characterises by average chemical composition and particle sizes [1]. The particle size is an 

important parameter not only from technological reasons but it must be also considered from health and safety 

point of view. The precise effect of particle size on the microstructure and mechanical properties of the final 

printed parts is at the moment the topic of research [4, 5] and particle shape was proved to influence powder 

flow during the printing process [6]. The effect of particle size on the wellbeing of operators of printing devices 

who are in daily contact with used powders is quite obvious, and therefore used filtering systems have to be 

adjusted correctly to real particle sizes. Particularly larger amounts of unexpectedly small particles of heavy 

metals could be dangerous, as they might avoid existing filters and could be breathed in by operators. Various 

works described the use of special techniques like microwave sensing method [7] and laser diffraction based 

methods [4,8] for particle size determination and atomic tomography was applied to provide three-dimensional 

models of the particles [2]. Scanning electron microscopy observations of particles were also used in studies 

of recycled AlSiMg powder [5] or steel powders with different chemical compositions [9, 10]. This work aims to 

demonstrate that methods and equipment commonly available in metallographic laboratories can be used to 

provide comprehensive characterisation of various powders used for additive technologies.  
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2. EXPERIMENTAL PROGRAM 

2.1. Materials  

Three powders (Table 1), MS 1 steel, 316 L steel and Inconel 718, were chosen for characterisation in this 

work with regard to various research projects and industrial cooperation solved at Regional technological 

Institute. All three powders were produced by gas atomization method and supplied by EOS GmbH. 

Tool steel MS1 is used as the main material for design of printed advanced machining tools with inner cooling 

systems. Chemical composition of used powder corresponds to US classification of 18% Ni Maraging 300, 

European 1.2709 and German X3NiCoMoTi 18-9-5.  

Inconel 718 is designed for high temperature (up to 700° C) applications in gas turbine parts, instrumentation 

parts, power and process industry parts etc. IN718 corresponds to UNS N07718, AMS 5662, AMS 5664, W.Nr 

2.4668, DIN NiCr19Fe19NbMo3.  

316 L stainless steel was chosen as a typical corrosion resistance material. It can be also defined as 18Cr-

14Ni-2.5Mo. This material is used to produce various decorative objects and surgical implants, for applications 

in food and chemical plants or aerospace and turbine industry. 

Table 1 Chemical composition of used powders in wt. %, as declared by EOS GmbH 

 C Si Mn Cr Ni Mo Nb Ti Co Al 

MS1  ≤ 0.03 ≤ 0.1 ≤ 0.1 ≤ 0.5 17 - 19 4.5 - 5.2  - 0.6 - 0.8  8.5 - 9.5 0.05 - 0.15 

316 L ≤ 0.03 ≤ 0.75 ≤ 2.0 17 - 19 13 - 15 2.25 - 3.0 - - - - 

Inconel 718 ≤ 0.08 ≤ 0.35 ≤ 0.35 17 - 21 50 - 55 2.8 - 3.0 4.75 - 5.5 0.65 - 1.15 ≤ 1.0 0.2 - 0.8 

2.2. Characterisation of powders 

The average size and size distributions of used powders were determined by image analysis of images 

obtained by scanning electron microscopy. Random samples of powders were placed on the stubs covered 

by adhesive conductive tape and placed into an EVO 25 Zeiss microscope. Images with magnification of 200x 

- 500x were used for image analysis; around 250 particles of each powder were evaluated using in-house 

developed software of image analysis called “Zrno”.  

Metallographic cross sections were also prepared form each powder, by standard mounting, grinding and 

polishing methods. MS1 steel powder was etched in 3%Nital while Inconel and 316L powders were etched in 

Adler. Scanning electron microscopy was used to characterise powder cross sections and micro-hardness 

measurement of HV 0.01 was applied to evaluate local hardness of individual particles. Using EDS detector, 

chemical composition, distribution within individual particles as well as among particles of the same powder, 

were checked. The size of evaluated particles was also considered. Chemical composition of the smaller and 

coarser particles was compared for each powder. 

3. RESULTS AND DISCUSSIONS 

3.1. Analysis of free particles 

Randomly chosen particles were placed on the stub and analysed in SEM. The surface of individual particles 
was observed at high magnifications (Figure 1 - Figure 3). In all powders, variations of powder particles 

shapes were observed, from spherical individual particles, to elongated particles, bonded particles, fractured 

parts and smaller satellites attached to the main particles. Attachment of small particles to larger ones is a 

typical feature of powders produced by gas atomisation and was described by other works as well [2]. However, 
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these morphologies were present in individual powders with different frequencies and some differences were 

observed between the powders. MS1 particles possessed mainly relatively regular, spherical shapes with the 

structure of dendritic arms or cells clearly visible on the whole surfaces. Fine spherical satellites were often 

attached to larger particles of regular shapes.  

On the other hand, the particles of Inconel 718 had much more complicated surface geometries. There were 

many “ragged” particles without any defined shape and spherical particles with visible parts of some 

accretionary surface envelopes were found in this powder. These envelopes had always different, smoother, 

surfaces without traces of any dendritic or cellular structure. 316 L steel powder consisted of the largest 

particles with mainly regular spherical shape and occasional parts of broken “ragged” particles. All particles 

showed dendritic or cellular structure on the surface.  

  

Figure 1 MS 1 powder morphology Figure 2 Inconel 718 powder morphology  

 

Figure 3 316L powder morphology Figure 4 Particle size distributions 

Average particle size and particle size distributions were also calculated for each material. Figure 4 shows 

how many particles (in percent) fall within 10 μm size intervals (i.e. up to 10 μm, between 10 μm and 20 μm 

etc.). It is obvious that most of the particles of MS 1 and Inconel 718 had the sizes around 20 - 30 μm. Powder 

of Inconel 718 however provided flatter distribution curve, meaning that there were more particles of larger 

sizes than in the case of MS 1 steel. The average particle size of Inconel 718 is therefore higher, reaching 30 

μm, while MS 1 steel possessed the finest average particle size of only 24.8 μm. The particles of 316 L powder 
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were the coarsest ones, with the average size of 39.4 μm. The distribution curve of 316 L steel was significantly 

shifted to the right with most of the particles having the sizes around 40 μm.  

For all three materials, surface chemical composition of large and small powder particles was measured for a 

comparison. There wasn’t any detectable difference for Inconel and 316 L powder, however in the case of MS 

1 steel, smaller particles, with sizes around 10 μm, tended to have slightly lower cobalt and molybdenum 

contents and higher nickel content than the largest particles. It is also interesting to note, that form 25 analysed 

particles of MS1, there were three particles with increased chromium content, which in one case reached 14%. 

Inconel 718 and 316 L steel didn’t show any difference in chemical compositions of large and small particles 

of the same powder. However, smooth envelopes were observed on the surface of some particles of Inconel 

718, regardless the size of the particles. The envelopes generally possessed higher contents of the main 

alloying elements such as nickel, chromium, iron and manganese, while lacking niobium and molybdenum. In 

several cases, oxygen was detected in increased amounts in these smooth layers. 316 L steel particles did 

not display any anomalies in chemical composition and there were not apparent differences between fine and 

large particles or various surface areas. 

3.2. Analysis of metallographic cross sections 

Chemical composition was also locally measured at metallographic cross sections of powders in an attempt to 

distinguish chemical compositions of the cells or dendrites and cell boundaries or inter-dendritic spaces. 
Powders of all the three materials contained the mixture of dendritic and cellular microstructures (Figure 5 - 
Figure 9). Various defects were also observed, for MS1 there were spherical inclusions with increased iron 

and titanium contents (Figure 6). Boundaries of the cells had slightly different chemical composition than the 

matrix particularly molybdenum content was higher in the boundaries. It was also detected that finer cells had 
slightly higher molybdenum contents than the larger cells (Figure 6). This could have been caused by stronger 

effect of high molybdenum boundaries on values obtained in smaller cells, rather than by really higher 

molybdenum contents inside smaller cells. Micro-hardness was measured at individual particles; the average 

value calculated from ten particles was 336 HV0.01. Measured values were in the range of 286-357 HV 0.01. 

  

Figure 5 Chemical composition of surface 

envelope and the particle, Inconel 718 

Figure 6 Cross section of MS 1 particle with 

inclusion, local chemical compositions  

Inconel 718 also had a distinctive dendritic and cell microstructure (Figure 7), but it was difficult to quantify 

conclusively differences in chemical compositions of the matrix and the boundaries, as there was quite a big 

scatter of contents of individual elements and a rather fine microstructure. Microhardness of individual 

particles was in the region of 328 - 354 HV 0.01, the average being 340 HV 0.01. 
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Figure 7 Cross section of Inconel 718 particle Figure 8 Cross section of 316 L particle 

 

Figure 9 Elemental distribution in 316 L particle 

316 L steel particles contained a dendritic microstructure (Figure 8, Figure 9) with very similar chemical 

compositions of the matrix and inter-dendritic boundaries. There were only slightly higher nickel contents at 

the boundaries than inside the dendrites. This tendency was clear not only from point measurements, but also 
from element mapping (Figure 9). Microhardness of the particles was the lowest one of the three materials, 

lying in the interval of 169 and 288 HV 0.01 and reaching the average hardness of only 226 HV 0.01. These 

results are in agreement with micro indentation measurements carried out at 316 L steel powder by Azevedo 

et al [9]. 

4. CONCLUSION 

Powders of three different metals prepared by gas atomization and intended for further processing by additive 

manufacturing were characterized by the means of metallography, micro-hardness measurement, scanning 

electron microscopy and local measurement of chemical compositions. Different distribution of particle sizes 

were obtained with MS1 steel possessing the finest powders of 24.8 μm, Inconel 718 having generally more 

particles of slightly larger size and average size of 30 μm and 316 L steel showing the biggest portion of coarse 

particles and average size of 39.4 μm.  

Mixtures of dendritic and cellular microstructures were observed in all three powders. Chemical composition 

of the cells or dendrites boundaries differed from the composition of the matrix for MS 1 steel and 316 L steel. 

Increased molybdenum content was detected in the boundaries of MS1 particles and increased niobium 
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content in the case of 316 L steel. No conclusive results were obtained in this regard in Inconel 718. On the 

other hand, Inconel 718 displayed parts of smooth envelopes attached to the surfaces of some particles. There 

was higher content of Ni, Cr and Fe in these envelopes than in the rest of the particles and the amounts of 

minor alloying elements were lower. Average micro-hardness of MS1 steel powder was 336 HV 0.01, Inconel 

718 reached very similar value of 340 HV 0.01, while 316 L steel achieved the lowest hardness of 226 HV 

0.01. 
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Abstract  

42SiCr steel is a middle carbon, low alloyed steel with (in wt. %) 0.4C, 1.3Cr, 0.6Mn and 2Si. In this work, the 
steel was used in hot rolled state, possessing bainite-based microstructure. In development and optimization 
of heat and thermo-mechanical treatments, small volumes of materials are commonly processed in various 
simulators or dilatometers. This means that smaller samples for mechanical testing are also necessary and 
question arise how exactly various sample geometries affects measured mechanical properties, particularly 
ductility. Four types of samples for tensile test were used for the comparison. Three of them were flat, with 
various cross sections and active lengths of 15, 20 and 50 mm. The same thickness of 1.2 mm was kept for 
all three types of flat samples. For a reference, a sample with circular cross section with 5 mm diameter and 
25 mm active length was tested as well. Zwick Roell Z250 was used to perform tensile tests, according to ČSN 
EN ISO 6892-1. Six samples of each dimension were tested and used for calculation of average values of 
tensile properties. Following intervals of tensile properties were obtained: yield strengths of 721-766 MPa, 
ultimate tensile strengths of 1205 - 1335 MPa and total elongation of 15-19%. The highest elongation was 
measured for circular samples, while the highest ultimate tensile strength was achieved in the flat sample with 
active length of 20 mm. 

Keywords: Mechanical properties, sample geometry, chromium alloyed steel, middle carbon steel 

1. INTRODUCTION 

It has been generally known for decades that „size does matter“ in tensile tests [1,2]. There is obviously a 
sample size so small that the grain size, number of grains and representativeness of microstructure distribution 
in the cross section start to play an important role [3] and this phenomena was called scaling effect [2]. However 
there is quite a large span of sample dimensions in which tensile strength is believed to be relatively in-sensitive 
to sample size, while ductility depends strongly on an active length of the sample. This is caused by the 
combination of ductility being evaluated with respect to the initial sample length and significant concentration 
of plastic deformation around fracture area. This implies that materials undergoing larger plastic deformation 
prior to cracking would be more sensitive to evaluated length of the sample. In material research of various 
advanced high strength steels, there is a strong tendency to minimize the size of testing samples, or more 
generally to use non-standardized sample geometries. Traditionally, small sample size has been interesting 
for power plant and nuclear materials, particularly in the area of prediction of future behaviour of materials in 
working conditions [4, 5]. Sample size decrease is also a natural result of increased use of various simulators 
and dilatometers which are typically able to ensure precise control of thermal and deformation parameters; 
however they can process only a limited volume of material [6-8]. The onset of various in-situ characterisation 
tests, which naturally require smaller samples to fit inside microscope or diffractometer chambers [9], also 
resulted in increased usage of minimized samples for mechanical testing. In all of these cases, mechanical 
properties can be safely compared within one workplace which uses the same sample geometry and testing 
method, however it starts to be more difficult to relate the results obtained by various authors using at various 
sample geometries. Regional technological institute is facing this problem due to its involvement in research 
of various grades of high strength steels. To estimate how much this size effect of specific sample types used 
in recent works of the Institute influence obtained properties of low alloyed steels, experimental comparison 
was carried out using 42SiCr steel.   
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2. EXPERIMENTAL PROGRAM 

2.1. Material  

A middle carbon low alloy 42SiCr steel was used for an experimental program (Table 1). The steel was cast 

and hot rolled in Třinecké železárny. Plates with the dimensions of 170 x 330 mm and thickens 10 mm and 

were obtained by this processing. The final microstructure possessed the hardness of 390 HV 10 and was 
predominantly bainitic with martensitic areas and fine sharped-edges islands of ferrite (Figue 1). Occasional 

small areas with very fine pearlite were also observed. This steel has relatively high strength with good ductility 

in this state; the properties can be further improved by dedicated heat or thermo-mechanical treatment using 

quenching and partitioning (QP) processing method [10]. Congenital hot-forged state was chosen over the 

strengthened state for testing due to its higher ability of plastic deformation, which should better reflect potential 

dependence of ductility on used gauge length.  

Table 1 Chemical composition of 42SiCr steel (in wt. %) 

C Mn Si P S Cr Ni Al Nb Mo 

0.43 0.59 2.03 0.009 0.004 1.33 0.07 0.008 0.03 0.03 

 

Figure 1 Microstructure of the 42SiCr plates, etched in 3 % Nital 

2.2.  Geometry of tensile samples and testing conditions 

Flat samples of different dimensions (Figure 2 - Figure 4) were prepared from the sheets. Longitudinal axis 

of all the samples was oriented in the rolling direction. The samples possessed various cross sections and 

gage lengths of 15 mm, 20 mm and 50 mm. The thickness of all three types of samples was kept 1.2 mm. The 

shape of all flat samples was cut from the plates by water jet cutter and the body was grinded to the desired 

thickness.  

Long flat sample with gauge length of 50 mm (Figure 2) corresponds to ČSN EN ISO - 6892-1, Table B.1, 

Chapter b.2. Shorter flat sample with a gauge length of 20 mm (Figure 3) was designed for testing of thin 

sheet samples processed at thermo-mechanical simulator and does not confirm to any standard.  

Flat sample with a gage length of 15 mm (Figure 4) is not proportional in the sense of ČSN EN ISO 6892 and 

does not correspond to any sample type suggested by standards. It was designed as the shortest sample 
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possible to fit into MTII/Fullam heated in-situ tensile testing stage (Figure 5) with cross section small enough 

to enable tensile test of high strength steels with loading cell of 4500 kN [9]. 

Reference cylindrical sample with 5 mm diameter and 25 mm gauge length (Figure 6) was used to enable 

comparison of results with those obtained at typical bulk material samples. This geometry corresponds to 

proportional sample according to ČSN EN ISO- 6892-1, Table D1, Chapter D.2.3.1. Cylindrical samples were 

lathed from prisms with base dimensions of 10 mm x 10 mm, which were cut from the plates. 

Zwick Roell Z250 tensile testing machine (Figure 7) was used to perform tensile tests, according to ČSN EN 

ISO 6892-1, method A, eLc=0.00025 s-1, range 2. Six samples of each dimension were tested and used for 

calculation of average values of tensile properties. Standard deviation of proof yield strength, ultimate tensile 

strength and ductility were calculated for all types of samples to provide information about the scatter of 

measured values for every sample type.   

  
Figure 2 Long flat sample  Figure 3 Short flat sample  

  

Figure 4 In-situ flat sample (6) Figure 5 MTII/Fullam stage 

  

Figure 6  Cylindrical reference sample  Figure 7 Zwick Roell Z250 
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3. RESULTS AND DISCUSSION 

Average mechanical properties determined from various sample types (Table 2) show that differences in yield 

strengths of all kinds of samples were within 50 MPa, which corresponds to less than 7 % of yield strength 

value. Ultimate tensile strengths offered larger variety of results, as the difference between the lowest and the 

highest strength was around 130 MPa, which is around 10 % of tensile strength values. The difference between 

the lowest and the highest ductility was 3.3 %. Even though it looks like a negligible difference, it is in fact the 

largest one, as it presents around 19 % of measured ductility. This confirms that ductility is the most susceptible 

to sample size effect.  

Table 2 Mechanical properties and their standard deviations obtained at samples with various geometries  

  (L0- gauge length, Rp0.2- proof yield strength, σ- standard deviation, Rm- ultimate tensile strength, A- 

  ductility)  

Sample type L0 (mm) 
Cross section 

(mm) 
Rp0.2 

(MPa) 
σ Rm (MPa) σ 

A 
(%) 

σ 

Cylindrical sample 25 5 756 26 1205 101 18.5 2.4 

Long flat sample 50 12.5 x 1.2 766 11 1242 12,5 15.2 2.2 

Short flat sample 20 3.3 x 1.2 733 62 1332 24 17 1 

In-situ sample 15 1.5 x 1.2 712 56 1274 13,5 17 0.7 

The highest average tensile strength of 1332 MPa was reached for short flat sample with a gauge length of 20 
mm (Figure 8). There is no visible relationship between ultimate tensile strength or ductility and the gauge 

length, not even for flat samples alone. The lowest tensile strength of 1205 MPa was measured at cylindrical 

sample with a gauge length of 25 mm. It is interesting to note, that this cylindrical sample had by far the highest 

scatter of measured tensile strengths, which is indicated by its high standard deviation value. Scatter of ductility 

evaluated from tensile tests of these cylindrical samples was also the highest one; however the highest 

average ductility of 18.5 % was obtained at the same time. On the other hand, the lowest average ductility was 

provided by long flat sample, which is in contrast with the general the assumption that longer gauge lengths 

result in higher ductility.  

Proof yield strengths evaluated from various types of flat samples gradually decreased from 766 MPa to 712 

MPa with decreasing gauge lengths from 50 mm to 15 mm.   

 

Figure 8 Typical stress-strain curves obtained for various sample geometries 

Cylindrical and long flat sample reached the most similar strength values (both yield and ultimate strengths). 

However, ductilities of these two types of samples were the most different ones and their scatters were also 
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for both sample types higher than for shorter flat samples. On the other hand, long flat samples demonstrated 

the best repeatability of tensile strength values (the lowest scatters).  

4. CONCLUSION 

Four types of samples for a tensile test were used to compare obtained mechanical properties of hot forged 

42SiCr steel. Three sample types were flat, differing in cross sections and gauge lengths, the fourth sample 

type had cylindrical body. Two of the samples corresponding to ČSN EN ISO 6892 possessed very similar 

yield and ultimate tensile strengths. The relationship between tensile strength and gauge length was not 

observed. The highest tensile strength of 1332 MPa was obtained for flat sample with a gauge length of 20 

mm, however shorter gauge length of 15 mm resulted in tensile strength of only 1274 MPa. Average ductility 

of various sample types did not follow any trend either; the lowest ductility of 15.2 % was obtained for flat 

samples with the longest gauge length of 50 mm. The same ductility of 17 % was determined for both types of 

shorter flat samples and they also had relatively low scatter.   

It was demonstrated that non-standardized and non-proportional flat samples used in necessary cases for 

research works, could provide tensile properties comparable to the properties determined using standardized 

samples and observed scatter of ductility values was in their case even lower that for standardized samples.  
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Abstract  

This paper deals with the correlation of the fatigue tests results obtained on standard and miniature test 

samples. The aim was to compare the fatigue properties (Wöhler curves) of the samples of 15CH2NMFA steel 

of different cut off CT/50 test specimens after fracture toughness tests. The advantage of the use of these 

miniature samples is the minimum volume of removed material necessary for the production of test samples. 

This makes it possible to check the components in service, e.g. pressure vessels, steam turbine casings and 

rotors, steam pipelines, and other components of power plants after some time of operation in order that the 

residual lifetime could be determined. The article discusses the design of tests samples and clamping fixtures, 

test conditions and resulting correlation of test results. 

Keywords: Small fatigue test, SFT specimens, Miniature fatigue testing, Small punch testing, 15CH2NMFA 

1. INTRODUCTION  

There are systems which are used continuously. Defects of some parts of the system can cause fatal 

accidents. Fatigue is the weakening of a material caused by repeatedly applied loads. There are many reasons 

why fatigue testing of these parts can be very problematic e.g. size or shape of the test specimen for fatigue 

testing, direction of loading, require to shutdown, etc. At present, a great interest is given to the testing of 

miniature specimens. The biggest advantage is the almost non-destructive intervention into the integrity of 

mechanical components thanks to the small amount of the removed material. This semi-destructive method 

makes it possible to evaluate the current status of operating components on small samples which do not disrupt 

the integrity of the operating components and makes it also possible to evaluate the current status without long 

outages. Testing of miniature specimens followed by correlation of the results with standard samples should 

help to determinate fatigue limit on parts, which cannot be checked. There are also possibilities of testing local 

fatigue properties of components, therefore it can be utilize for inspection of welds, where can be measured 

fatigue properties of heat-affected area. This problematic is very comprehensive and requires more 

experiments for better understanding. 

2. THE EXPERIMENTAL MATERIAL 

The experimental material considered in this paper is the 15Ch2NMFA steel. It is a low-alloy Chromium - Nickel 

steel used in the past for the production of nuclear pressure vessels of VVER type. Three different melts of 
this steel, designated HB, SB and PL were used for the test specimen manufacturing. Control tests of chemical 

composition (tested on SPECTRO, Spectrolab LAX X7) and metallographic examination (tested on 

metallography microscope Nikon Epiphote 300) proved the type of the steel and its bainitic structure. 

Mechanical tests confirmed the ultimate tensile strength of 690 MPa (tested on Zwick Roell Z250). During the 

realized fatigue tests, standard and miniature test specimen results were compared [1]. 

3. TEST SPECIMEN FOR FATIGUE TESTING 

3.1. Standard test specimens 

Two types of standard test specimens were used for the fatigue testing: the first specimen type was a test bar 
in accordance with the CSN EN ISO 420363, see Figure 1.  
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These specimens were tested at the Research and Testing Institute Plzen (VZU) in tension with the stress 

cycle asymmetry R = 0.1[2]. 

The second type of standard test specimens was produced as a prismatic bar and fatigue tested at VUT Brno 

in bending, cycle test asymmetry was R = 0 and R = =1 respectively. 

The test specimens of both the types were produced from the original CT/50 test specimens used in the 80ies 

for the fracture toughness tests of pressure vessel steel 15CH2NMFA.  

 

Figure 1 Standard test specimen 

3.2.  Miniature test specimens 

The origin of the miniature test specimens was the same as in the case of standard test bars. Thin sheet metal 

plates were cut off the CT/50 test specimen sides, then ground to a thickness of about 1 mm and brushed by 

400 and 1000 grain grinding paper.  

Testing itself began by removing the sample from the sheet and grinding the surface influenced by water jet. 

After the subsequent measurement, the specimen was clamped to testing equipment. 

The miniature test specimens were produced in four variants (designated I - IV), see Figure 2.  

 

Figure 2 Miniature test specimens 

The difference between type I and type II consisted in different radius between the testing section and the 

clamping head of the specimen. The result of the smaller radius was the shorter total length of the specimen 

so that more specimens could be made of the sheet. In contrast to Type I specimens, where the fracture 
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occurred in the head and was caused by the stress concentration from fixtures, the type II specimens fractured 

in the radius between head and the specimen body. 

To eliminate these problems, type III was proposed, testing part of the specimen was reduced to increase the 

stress in the specimen body nevertheless in this case problems appeared during specimen clamping, esp. 

deformation of the specimens.      

Type IV was developed by method Small punch test, where those types of specimens are designated for 

fatigue tests (SFT). By Finite element method (FEM) it was found that the stress concentration factor in the 

minimum cross section of this specimen is k = 1.33. This specimen is also the smallest-one from tested types, 

and thus more specimens can be cut off the same size of metal sheet [3,4] 

The type IV specimen was decided to be the most suitable for fatigue tests of miniature samples and correlation 

of results with the results acquired on standard test specimens.  

4. TEST EQUIPMENT 

The tests of miniature and standard samples were performed on high frequency electromagnetic testing 
machine system Zwick Roell HFP 5100, see Figure 3. The advantage of electromagnetic resonant machines 

in comparison with servo-hydraulic systems consists in higher frequency (servo-hydraulic systems about 20Hz, 

electromagnetic resonant machines up to 180Hz).  

  

Figure 3 Zwick Roell HFP 5100 

 

Figure 4 Clamps for miniature test specimen 

For the purpose of testing, clamps for miniature test specimens were developed, see Figure 4. The main 

requirements were toughness, possibility of clamping specimens with different head shapes and adjustability 

of the space between opposite inserts of the clamps for adjusting cohesiveness. Inserts of clamps were made 

in two variants, the first one with the pointed grooves and the second one with the rounded grooves. With 
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respect to the stress concentration caused by the pointed grooves, the rounded grooves were preferred in 

testing, because the use of pointed grooves resulted in fractures in the specimen head area. 

5. TEST PROCEDURE 

There is no standard for testing of these types of miniature test specimens. Whole testing was performed fully 

experimentally. The fatigue testing was performed in the force controlled mode. All the tests were performed 

at cycle asymmetry R = 0.1, at the room temperature. The average frequency was approximately 87 Hz.  

The beginning of the testing was rather informative. Different types of specimens, various attachment, machine 

setting and so on, were tested. Thanks to this knowledge, it was finally possible to determine fatigue 

characteristics of each melt, which were processed into tables and S - N diagrams (Wöhlers curves) [5]. 

6. TEST RESULTS 

Obtained results are showed in Figures 5-7. Compare of results from all melts are in Figure 8. 

 

Figure 5 Comparison of standard and miniature specimens of melt HB 

 

Figure 6 Comparison of standard and miniature specimens of melt SB 
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Figure 7 Comparison of standard and miniature specimens of melt PL 

 
Figure 8 Comparison of standard and miniature specimens, all melts 

7. CONCLUSION 

The fatigue limit of the test specimens was determined by the arithmetic mean of samples in which the number 

of cycles reached 107. Fatigue limit of miniature test samples SFT was set to 338 MPa. Fatigue limit of 

traditional test samples made according to ČSN 42 0363 was set to 443 MPa. The correlation coefficient was 

determined from the relationship 

kor

mSFT

mst k=
σ

σ
                                                                                     (1) 

where σmst is the maximum stress at the fatigue limit of the standard samples, σmSFT is the maximum stress at 

the fatigue limit of the SFT miniature specimens and kkor is the correlation coefficient. After the calculation, kkor 

acquires value 1.31. 
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The results show a relative compliance of the results of the same sample types from three different melts. 

Therefore, this can be considered as a credible result of fatigue characteristics of the 15CH2NMFA steel. 

Use of this small fatigue test samples is necessary f. e. at the applications, where not enough material for 

testing is available. Correlation of the SFT and traditional samples is important for getting information from the 

operated material, where the witness samples are not available. Therefore there is emphasis on creating of 

material correlation database. 
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Abstract 

Phase identification of corroded metal objects might be problematic because corrosion products are usually a 

complex mixture of different phases. Furthermore, some of present phases may be either semi-crystalline or 

amorphous. The most suitable procedure is to use X-ray diffraction (XRD), for identification of crystalline 

phases in bulk, in combination with micro-Raman spectroscopy to obtain information on smaller scale and 

given location. Micro-Raman spectroscopy identifies crystalline and semi-crystalline phases. The literature 

also reports of the application of Mössbauer spectroscopy to identify amorphous phases. In this work, the 

combined use of Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy is evaluated. The 

methods may be interchangeable to some point. But is it safe to assume that all phases present can be 

detected? 

Keywords: Corrosion, micro-Raman spectroscopy, FTIR 

1. INTRODUCTION 

Corrosion products of iron are a complex mixture of crystalline, semi-crystalline and sometimes amorphous 

oxides and oxy-hydroxides. Information about their identification and spatial distribution within the corroded 

body is of interest for the comprehension of the corrosion processes, for corrosion protection and in 

preservation of cultural heritage [1-6]. The strong overlap of the signals from the components in such complex 

samples, forces the scientist to resort to a combination of analytical techniques. One common approach used 

to identify the phases present in iron corrosion products, is to combine XRD, Raman spectroscopy and 

Mössbauer spectroscopy [5-7]. The combination of XRD with FTIR and Mössbauer spectroscopy has been 

also reported [8,9]. Sometimes Energy-dispersive X-ray spectroscopy (EDS) is used alone without additional 

phase analysis [1-3] or in combination with XRD and Raman. Scanning electron microscopy (SEM) is useful 

to optically verify the crystalline structure of corrosion products [4,10]. Given that Mössbauer spectroscopy 

might not be available, could another combination of analytical techniques provide suitable results for phase 

identification? Samples used in this paper are from the specimen obtained from main railway station in Prague 

used in a previous work [11]. XRD characterization of corrosion products was already done previously [11,12] 

therefore has not been replicated here. 

2. METHODOLOGY 

For the phase analysis of the corrosion product layers, both micro-Raman and FTIR were used on the samples 

prepared for microscopic observations as shown in previous work [11]. Samples were obtained from the same 

specimen embedded into Araldite resin. Cross-sections of these samples have been prepared by grinding and 

polishing. Linear and area mapping have been performed at selected locations on the sample. Mapping was 

used to verify the layered structure observed under optical microscope. 

Raman spectra were collected on the DXR Raman microscope (Thermo Scientific). Experimental setup was 

as follows: spectral range 1800-50 cm-1; mapping step 1 and 10 µm; grating 1800 lines per mm; spectral 

resolution 2 cm-1; focusing 20×; 0.1 mW laser power at 532 nm wavelength. 
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ATR FTIR spectra were collected using infrared microscope Nicolet iN10 (Thermo Scientific) equipped with a 

liquid nitrogen cooled MCT detector, KBr beamsplitter and germanium micro attenuation total reflectance 

(ATR) crystal. Experimental setup was as follows: line mapping step 20 and 50 µm; rectangular aperture 

20×100 µm; 128 scans per spectrum; spectral range 4000 - 675 cm-1 using the spectral resolution 8 cm-1. 

3. PHASE IDENTIFICATION - DISCUSSION 

Data have been collected using ATR-FTIR and micro-Raman spectroscopy perpendicular to the corrosion 

product layers. Spectra obtained by both methods showed that the layered structure observed under optical 

microscope reflects differences in the layer composition. Thickness of maghemite layers observed under 

optical microscope is in most situations 5-10 µm. Unlike micro-Raman, in case of the ATR-FTIR technique, 

because of the low spatial resolution compared to the layer thickness, maghemite spectra have not been 

measured as a single phase spectra but as a combination of bands corresponding to two phases, maghemite 

and goethite.  

 
Figure 1 Example of FTIR spectra obtained from different layers. Significant peaks of lepidocrocite - L, 

significant peaks of goethite -G 

Lepidocrocite (γFeOOH) and goethite (αFeOOH) could be easily distinguished in the FTIR spectra by their 

characteristic absorption bands. Namely, at 799 (795) cm-1 and 889 (883) cm-1, for goethite, and at 748 (750) 

cm-1 and 1019 (1020) cm-1 for lepidocrocite. They are in excellent agreement with literature values, reported 
in parenthesis [13]. Two examples of collected spectra are illustrated in Figure 1. Some of the spectra showed 

magnetite (Fe3O4) - characteristic absorption band at 590 (588) cm-1 [8], but also contained goethite.  

According to literature [8,13] absorption bands of iron oxides are near the edge between mid-IR and far-IR or 

directly in far-IR [14,15] region. The case of magnetite and maghemite (γFe2O3) is of relevance here. Iron 

oxides in mid-IR have bands in same position and show strong overlap, thus, ATR-FTIR in mid-IR alone may 

not be sufficient for phase identification of corrosion products. Additional analysis of sample in form of tablet 

with KBr was used in exchange of mapping capability wavenumber range was increased (4000-450 cm-1). 

Powdered sample 1 was measured in transmission mode in form of KBR pellets. The spectrum obtained 

showed bands at 625 and 590 cm-1. Low intensity band around 565 cm-1, could be identified. There might be 

other bands present there, but could not be clearly identified do to sloped baseline. According to [16], 
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maghemite bands are at 630, 590, 570, 450 and 400 cm-1, magnetite bands at 590 and 400 cm-1, hematite 

(αFe2O3) bands at 540, 470 and 400 cm-1. 

 

Figure 2 Raman spectra of identified phases 

Micro-Raman spectra of pure phases could be obtained, taking advantage of the possibility of focusing the 
laser beam on a small area (c.ca 1 micron) as shown on the Figure 2. Lepidocrocite, goethite and maghemite, 

the first two detected also by ATR-FTIR, have been identified in Raman mapping. Lepidocrocite is present 

either on the surface of the corrosion product or on the surface of cracks in the corrosion products, where the 

crack is connected to the outer surface. Inside the corrosion product, the layered structure containing goethite 

and maghemite, each in separate layers, can be optically distinguished, as observed in the obtained maps on 
the Figure 3.  

 
Figure 3 Area of sample showing the corner of the sample. On the left side as seen with the microscope of 

the micro-Raman instrument (overlay showing the 2D scanning matrix on scale). On the right side intensity 

contour map of maghemite is shown. Intensity is decreasing from red to blue. 

As noted above, the thickness of maghemite layers was below the ATR-FTIR spatial resolution employed, 

resulting in mixed goethite-maghemite spectra. 
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Literature sources [17] also suggest the possibility that the Raman spectra previously identified as maghemite 

might be in fact superposition of maghemite and magnetite. This may be clear by observing the spectrum of 
maghemite in Figure 2, since, magnetite has significant peak at 672 cm-1 and additional two low intensity 

peaks at 535 cm-1 and 300 cm-1. It is worth mentioning that formation of maghemite by conversion of magnetite 

under effect of laser used in Raman spectroscopy, has been also reported [11]. 

Summarizing findings of both methods: lepidocrocite and goethite have been detected by both methods with 

no doubt. Additional phase which is not iron oxy-hydroxide is present. By using only ATR-FTIR Nicolet iN10 

“some iron oxide” may be identified. By combining FTIR and Raman analysis bands of iron oxide present in 

the corrosion products could be identified as maghemite. 

ATR-FTIR with mapping capability could be used to identify lepidocrocite and goethite. For proper phase 

analysis of iron oxides far-IR range was needed. In case far-IR is not accessible, the XRD should be used for 

this purpose.  

In conclusion, to take advantage of the combined use of the two techniques, one can do a fast mapping of the 

surface of interest with FTIR and focus on the details of interest with micro-Raman, which is more suitable as 

a local technique.    

For identification of iron oxides, extension of the range to the far-IR region, is recommended. 

4. CONCLUSIONS 

Presence of lepidocrocite and goethite in the specimen has been confirmed by both methods. Maghemite was 

identified when ATR-FTIR method with broader wavenumber range capable to analyze far-IR was used. 

Compared to micro-Raman, ATR-FTIR mapping can be done significantly faster, unless imaging detector is 

used. The map would not be so detailed compared to micro-Raman, due to the larger aperture used. To obtain 

the best from both techniques, preliminary, albeit low resolution, 2D map of large areas of the sample, can be 

collected, and particular interesting zones could be selected to be further observed by area 2D area mapping 

using micro-Raman. As used in previous works [11,12]. 

Base starting point is to have the phase identification of the bulk sample, for which XRD is suitable method. 

FTIR itself could not replace Mössbauer spectroscopy, which is, on the other hand, not as common as FTIR, 

but in the combination of several other analytical methods such as XRD and micro-Raman it can be used to 

phase identification of the sample. 
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Abstract 

The paper deals with the corrosion behavior of steels with reduced effective chromium content in the matrix, 

with the intent to estimate their long-term behavior in low aggressive environments, typical for the secondary 

and primary circuits of nuclear power plants. Materials for this research were steels with varying characteristics 

of influence of effective chromium content precipitation of chromium carbides or spinodal breakdown of 

chromium / martensitic steels, creating other types of chromium-rich phases, e.g. borides in austenitic steels. 

In addition, materials used as additional welding material or high alloy steel bolts were used. In these 

mentioned materials is chromium released by various mechanisms and the content of effective chromium in 

the solid solution is reduced (up to several units of wt. %), which may cause the overall passivity of the steel, 

to sensitivity to intergranular corrosion. 

Based on the basic techniques of material identification, the causes of different behavior of both types of steels 

after sensitization or tempering were estimated. They are described as being risky in terms of heterogeneity 

in the chromium content, which manifest themselves as active ways of corrosion. 

Keywords: Corrosion behavior, steels with reduced chromium content, low aggressiveness environment,  

        reduced corrosion resistance, intergranular corrosion, heterogeneity of chromium content 

1. INTRODUCTION 

Damage of metallic construction materials during their application is a consequence of the complex influence 

of operating conditions, so-called stress / stressors acting on metallic material [1-6]. Depending on the extent 

of the effects of the stressors (on the whole or on the surface of the metal), various manifestations of their 

effect can be observed [7-12]. From the degradation of the material properties to the more or less intense 

material loss, are observed; the ultimate consequence of load effects on structural materials can be to damage 

the integrity of the material and failure of a component. That has often a localized character [13-18]. 

The general cause of localized damage is the existence or formation of heterogeneities in the system material-

environment, as well on the material side as on the environment side. In the power plants, are created specific 

conditions for the application and co-operation of both types of heterogeneity in the occurrence and 

development of damage. 

2. DESCRIPTION OF CORROSION SYSTEM 

During the exposure of all types of that steels in the energetics industry, changes in the material properties 

may occur. The causes of changes in properties can be divided into two groups according to application 

temperature. Steels exposed in temperature range t < 300 - 350 °C are subject to damage with a significant 

environmental impact, typical of nuclear plant facilities or part of the pressure circuit of conventional power 

plant. Steels exposed at temperature t > 350° C often fail due to degradation of material properties with minimal 

environmental effects, as is the case in particular blocks power classical and supercritical.  
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On the environmental side, heterogeneity is generated during all operating modes, most notably when 

changing the physicochemical conditions of the work environment. These are the volumes of transient 

condensation, with the formation of the first condensate, by erosion - corrosion, the cavitation effect of 

condensing vapor, the evaporation of the working medium, the formation of a thickened environment, 

The influence of heterogeneity on the environment side on heterogeneous joint of materials may be different, 

with the greatest risk of intensification of the corrosion process being assumed for carbon steel with low 

chromium regions, especially in the temperature range t < 130-160 °C. 

Generation of material heterogeneities during operation are often manifested by a change in the uniform 

distribution of the elements in the steel, the surface layer of the steel, or by the increase in the transport of one 

of the elements, by creating specific fast transport paths in the steel. 

The most pronounced are those in highly alloyed steels where the uneven distribution of Chromium in steel 

dominates the steel behavior. The following text will focus on high alloyed steels at application temperatures t 

< 30 °C (conditions typical of nuclear power plants), where the low temperature of material heterogeneity is 

difficult to produce, hence heterogeneity in the distribution of chromium in steel to the system introduced, e.g., 

besides events leading to redistribution of chromium occur in opposite transporting atoms and segregation 

activities P, S and others: 

• using martensitic quenched steel in varying degrees of tempering (bonding of chromium to different 

types of carbides), 

• using high boron steel (bonding of chromium to borides and, to a lesser extent, carbid-borides), 

• using ChN35VDVT / Cr15Ni34Ti1W3 (chromium bonding to carbides, formation of Ni-Al-Ti intermetallic 
reinforcement), 

• using Ch16N25AM6 / Cr16Ni25Mo6 steel (chromium bonding to carbides, segregation processes on 

contact of ferrite-austenite structural blocks), 

• in heterogeneous weld joints, carbon steel - corrosion resistant (formation of the transition zone at the 
fusion boundary). 

For these steels or joints, the change in the uniform distribution of Cr is so significant that the tests used to 

verify metallurgical quality (resistance to intergranular corrosion) can exclude most of the material variants 

from use. In the event of failure of these steels, very often with in intergranular form, a low resistance to 

intergranular corrosion is indicated as the cause of the failure. In order to assess the "hazard" of chromium-

modified regions with respect to the nominal in the matrix, it is possible to use a Fe-Cr material spectrum with 

a w (Cr) ≈ content of 0 % by weight up to w (Cr) ≈ 30 % w / w. This spectrum includes both the component of 

heterogeneous weld joints (carbon steel), their transit region and areas with reduced chromium content around 
chromium-rich particles (precipitates, eutectic components), Figure 1. 

 

Figure 1 Model spectrum of Fe - Cr materials; areas of non-affected metals are indicated with 

a solid line (carbon - gray / stainless steel - green area); areas with reduced chromium content are marked 

with a dashed line 

3. PROPERTIES OF MATERIAL SPECTRUM Fe - Cr (Ni)  

The Fe - Cr material spectrum is a localized region introduced or formed in a material with different chromium 

content from the matrix. This can vary from 0 % to 30 % by weight. Cr, which is accompanied by a variable 
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and structurally, dependent carbon content and typical impurities, P, S and the like. The contradictory transport 

of chromium and carbon can lead to the formation of areas with altered mechanical and corrosion properties, 
Figure 2, decarburization, occlusion areas, carbide zones etc.  

The content of chromium in steel is dominated mainly by the properties of corrosion; with chromium content in 

steel w (Cr) > 10 - 12 wt. % the properties of the steel are changing, it becomes easier to pass through, and 

this effect is also reflected at the limit of high temperature oxidation (it moves to higher temperatures). 

 

Figure 2 Qualitative estimation of mechanical properties of individual Fe - Cr spectrum bands 

4. CORROSION RESISTANCE OF MATERIAL VARIATIONS IN THE ENVIRONMENT OF NUCLEAR 
POWER PLANTS  

For corrosion behavior of Fe-Cr steels in aqueous environments, the amount of alloying elements available in 

steel is critical; especially chromium. Variable Ni content slightly reflects the behavioral change in corrosion of 

steel in the active state and in high temperature oxidation. From the point of view of the influence of the 

environment on two corrosively different materials of the model spectrum Fe - Cr their behavior should be 

determined by the different corrosion resistance of the partial components (Fe - CrNiMo), ie. the lifetime of the 

material (steel, Chromium Depletion Area, etc.) with a lower corrosion resistance should be decided. All 

possible material spectrum, with generally different chemical activity (resistance), however, exhibits acceptable 

and usable durability up to maximum operating temperatures in correct typical nuclear power plants 

environments (secondary and primary circuit). The origin of the resistance of both extreme material variants 

(Fe - CrNiMo) is either: 

• in passivity (t < 160 - 200 °C), the metal is covered with an oxide layer, the thickness does not change 

over time, 

• in "high temperature passivity", the protection of the steel surface by high temperature oxidation  
(t > 200 °C), which especially increases on carbon steel at temperatures up to 350 °C measurably 

increases with temperature and time.  

The resulting protective layers, oxides, act as a barrier to direct contact of the metal surface with the 

environment. When the integrity of the protective layer is impaired, it is possible to detect metal this process is 

called activation, followed by a different episode of more intense corrosion-oxidation. Uninterrupted sealing of 

the damaged site will result in a decrease in pumping intensity, metal loss and passivity, or low rate of high 

temperature oxidation. The protective layer may be interrupted repeatedly, in a mechanical way (deformation 

of the metal - protective layer, shock effect of the flowing working medium, etc.) or chemical (occlusion solution, 

oxygen cells, evaporation medium, etc.). Frequency of disturbance under given conditions determines the rate 

of stable propagation of subcritical defect. On high-alloy steels (containing chromium, this effect is applied at 

w (Cr) > 5 - 8 wt. %), both states (the resulting layers) are much more resistant to local or total chemical or 

mechanical disturbances compared to carbon steel. On high-alloyed material, in most typical environments for 

nuclear power plants, the breakthrough of the protective layer is impossible by chemical action, or after 

mechanical damage, the defect is so quickly encapsulated, passivating that no significant metal loss occurs. 
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Depending on the content of alloying elements, especially Cr, the corrosion resistance of individual material 

variants can be characterized by: 

• different corrosion behavior (different value of spontaneous corrosion potential, EKOR), possibility of 

creating galvanic cell: active - active, active - passive,  

• variable spontaneous passivating ability (vKOR_PAS ≈ f (1 / Cr), wLIM> 10 to 12 wt.%) in aqueous medium at 
a temperature t <100 °C (regardless on the oxygen content in the aqueous environment), Figure 3a, 

• carbon steel stability is determined by the concentration of oxygen in water, Figure 3a; in environments 

with a very low concentration of oxygen in water, t < 100 ° C (k < 0.1 mS / m), corrodes with very low 

corrosion rates in activity and passivity, higher chromium steel is passive, 

• in the aqueous phase, t < 100 °C, (k < 0,1 mS / m), w (O2) > 400 μg.kg-1, are higher chromium steels in 

passivity, carbon steel can pass from the passive state and succumb to local activation, the higher 

conductivity of the environment accelerates the activation of carbon steel, 

• different rates of high temperature oxidation at temperatures t > 250 °C, vHT_OX = f (1 / Cr), characterized 
by parabolic constant, kP, Figure 3b, 

• different resistance to localized corrosion (≈ f (Cr, Mo, Ti / Nb: C)),   

• different permeation behaviors and level of embrittlement by diffusible hydrogen, Figure 3c. 

 

Figure 3 Semi-quantitative evaluation of the actions that can be applied in stable defect spreading in areas 

with reduced chromium content (situation around zone of fusion in heterogeneous weld. UMZ - unmixed 

metal zone. TZ - transition zone, CZ - composite, negative expression with possible maximum loss of steel 

(red), neutral or negligent negative expression with slight loss of steel (Yellow). Positive expression with 

minimal steel loss (Green) (the height of the column is proportional to the degree of positive or negative 

effect) 

5. DISCUSSION 

On propagation of defects may also be involved phenomena conditional deformability of steel, forming 

a transition region, e.g. in influencing the steel atomic hydrogen or the high temperature oxidation, disruption 

of the protective layer. When deformation occurs in the area of maximum deformation of the steel with high 

ductility (area decarburized etc.), and high-temperature cracking of the cured regions or vice versa may occur 
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first crack in this field (with minimal compliance) oxide, and then damage on its surface. Repeating this process 

is the cause of the so-called high temperature oxidation and the intensive loss of metal, locally subcritical 

stable spread of the defect. 

In another way, the different mechanical properties of the steel (e.g. in the weld transition area) can be 

manifested when the steel is affected by atomic hydrogen. In parts of the transition region where is the structure 

ferritic-pearlitic, quenched structure and their decay products can occur, these areas can be locally fragmented 

by atomic hydrogen. Small amounts of hydrogen can enter into the material through reductive water 

decomposition (relatively low intensity) and high temperature oxidation. The embrittlement intensity is 

proportional to the hardness / hardness of the quenched area and the HV limit is HV 350 where the areas are 

cracked with hydrogen in a neutral water environment (10 -100 x higher salinity than boiler water) or already 

in a humid atmosphere (RH > 80 %) in the case of extremely hardened areas - HV 500. Quenched areas are 

cracked at a lower hydrogen concentration, compared to areas with lower hardness. The influence of hydrogen 

may also be reflected in interaction with specific segregates, most significantly segregated with sulfur, even in 

the highly alloyed zone of the weld metal. 

The galvanic effect in the joint resulting from the different corrosion resistance of the welded steels is only 

applicable to carbon steel activation, its more intense corrosion, near the fusion boundary, or the initiation of a 

defect of atypical effect due to segregation in weld metal. However, the presence of an oxidizing agent (typically 

O2 at temperatures up to 130 °C) or multiple cycles of so-called high temperature oxidation (at temperatures 

above 160 °C - but without the influence of galvanic contact) is necessary for the subcritical propagation of a 

stable carbon steel defect. 

6. CONCLUSION 

In nuclear power plants constructions (especially in the secondary circuit environment) may cause problems 

steels with Chromium reduced area, often resulting in reduced resistance to intergranular corrosion. However, 

chromium reducing is not a direct cause of a failure (under standard operating conditions) of a stable growth 

of subcritical defect, and other possible material or environmental heterogeneity needs to be responsible for 

this responsibility. 
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Abstract 

Microalloying elements Ti, Nb, V, entered into steel they influence their microstructure and mechanical 

properties, because formation of carbonitrides, M (C, N), which in the high temperature inhibit the austenite 

grains growth and during the cooling of the austenite form fine precipitates giving the dispersion precipitation 

effect in ferrite. Influence of carbonitrides to the microstructure and mechanical properties depends on their 
basic stereological parameters: volume fraction, VV, and their size, r. In this work the model of the kinetics of 

the carbonitrides precipitation which enable to predict the chemical composition of austenite as well as the 

size distribution of carbonitrides formed during isothermal annealing of supersaturated steel is presented. The 

model is based on the Kampmann and Wagner model developed using the classical theory of nucleation. 

Examples of applications of developed model are presented. 

Keywords: Cellular automata, precipitation, carbonitrides, microalloying elements, microalloyed steel 

1. INTRODUCTION 

Carbonitrides precipitations of microalloying elements V, Nb and Ti, strongly influence the microstructure and 

mechanical properties of high strength low alloy steels. To predict the mechanical properties of these steels 

parameters of precipitates such as size (mean radius) and content (volume fraction) are required. 

Mathematical models describing the carbonitrides precipitation process enable to calculate these parameters 

[1, 2]. The development of computer science enables simulations of precipitation process. The models are 

based on the algebraic equations describing the nucleation and growth kinetics of precipitates. 

Important group of structural steels are microalloyed steels with ferrite-pearlite microstructure, where high 

mechanical properties are achieved through small additions of elements such as Ti, Nb, V, introduced 

separately or comprehensively. These elements have high chemical affinity for interstitial elements C, N and 

form sparingly soluble compounds, carbides and nitrides. Due to the similarity of the crystal lattice these 

compounds exhibit mutual solubility which results in forming complex compounds carbonitrides, M (C, N).  

The carbonitrides undissolved at austenitisation temperature inhibit the growth of austenite grains, providing a 

fine grain of supercooled austenite transformation products. 

Effect of the carbonitride parameters, volume fraction, *¬, and the average radius of the precipitations, r, on 

the average radius of the austenite grains, ;� , describes the Smith-Zener equation [1]: 

;� � d⋅I
)⋅�6 (1) 

The effect of strengthening of ferrite by dispersed carbonitrides precipitations formed during the transformation 

austenite-ferrite as a result of reactions between elements dissolved in austenite is the second factor 

influencing the mechanical properties of microalloyed steel. This effect is described by Ashby-Orowan model 

[1]: 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

784 

∆Õ} � Df.[⋅À�6
� ⋅ ln ³ �

�.D&e⋅Df�I´ (2) 

where: 

∆Õ} - increase of yield point (MPa) 

d - mean diameter of carbonitride particles (µm) 

Knowledge of parameters carbonitrides precipitations, both undissolved in austenite at high temperatures and 

formed in ferrite during phase transformations of undercooled austenite allows to predict the mechanical 

properties after manufacturing process using the knowledge of the steel chemical composition and process 

parameters. Carbonitride precipitations parameters, their contents, *¬ and size distribution of precipitates can 

be calculated using mathematical models [3 - 7]. 

2. MODEL OF THE KINETICS OF CARBONITRIDES PRECIPITATION PROCESS 

To calculate the kinetics of the carbonitrides precipitation process in the low alloy steel a model based on the 

classical theory of nucleation and growth (CNGT) was developed. CNGT is based on the change in free energy 

∆8, associated with the formation of an embryo in a supersaturated solid solution. In the process of 

carbonitrides precipitation there are three stages: nucleation, growth and coalescence, which can occur 

simultaneously. The nucleation rate *�, is described by the equation [1]: 

*� � �E
�� � Nf ⋅ � ⋅ �∗ ⋅ �¹¸ ³� ∆¿∗

J⋅H´ ⋅ �¹¸ ³� »
�´ (3) 

where: 

�∗ - the condensation rate of solute atoms in cluster of critical size 

Z - Zeldovich parameter 

Nf - number of nucleation site per unit volume 

∆8∗ - critical Gibbs free energy for nucleus formation 

k- Boltzmann constant 

T - temperature 

τ - incubation time 

t - time.  

Embryo critical radius L∗, and parameters �∗ and Z represent the following equations [1]: 

L∗ � � &⋅J
∆¿6 (4) 

�∗ � d⋅Û⋅�I∗��⋅�⋅K
�I  (5) 

� � ¬�7L
&⋅Û⋅�I∗�� ⋅ � J

J⋅H (6) 

The incubation time τ, is given by equation [1]: 

¾ � d
&⋅Û⋅�∗⋅"� (7) 

where: 

γ - interphase boundaries energy 

∆8¬ - the driving force for precipitation per unit volume 

D - diffusion coefficient of the metallic element 
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X - a fraction of the atomic metallic element dissolved in matrix 

a- lattice parameter 

*��
� - the average volume of an atom in precipitation 

In the case of the formation of precipitates of carbonitrides, described by formula MCyN1-y driving force of 

nucleation is equal to [1]: 

∆8¬ � � W⋅H���M ⋅ ¥ln 9K�ÆK��
: + º ⋅ ln 9K�ÆK��

: + �1 � º� ⋅ ln 9KMÆKM�:¦  (8) 

where: 

'�� - the atomic fraction of the component X in the solution 

'�} - equilibrium atomic fraction of component X in solution 

Growth rate *|I is described by equation [1]: 

*|I � �I
�� � �

I ⋅ ³ K� K��I�!⋅KL� K��I�´ (9) 

where: 

D - diffusion coefficient of metal M 

', '� - atomic fractions of X in matrix and in precipitate 

'�(r) - equilibrium solute fraction of X at precipitate/matrix interface taking into account the Gibbs-

Thomson effect 

α - ratio of matrix to precipitate volumes 

In the last stage the precipitations undergo the coagulation process involving of dissolution of small precipitates 

and growing of large precipitation at constant *¬ and L �  L∗. The coarsening process of precipitates is 

described by equation [1]: 

*c��IÅ} � �I
�� � d

&y ⋅ ³ K�
!⋅KL� K�´ ⋅ &⋅J⋅¬�7L

J⋅H ⋅ �
I�

 

 (10) 

Consequently, mean radius, r , of precipitates is an increasing function of time. As a result, the particle density 

N¬, decreases and size distribution as a probability density function, g(r), with a negative asymmetry moves 

toward larger particle size. 

3. RESULTS 

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: the chemical composition of steel, supersaturation, precipitation temperature and time isothermal 
heating. The following parameters are calculated by the model: nucleation rate, the chemical composition of 

the matrix, distribution function for the size of precipitates and an average size of precipitates.  

Steel containing 0.84 % C, 0.06 % Nb and 0.015 % N subjected to heat treatment austenitization at 1200 °C 

with following isothermal holding at 980 °C for 20 h time was considered. 

Example of analysis of carbonitride Nb(C,N) precipitation process in the low alloy steel is presented in  
Figures 1, 2, 3, 4 and 5. 
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Figure 1 Relationships between nucleation rate and time at T = 980 °C 

 

Figure 2 Relationships between dissolved niobium content and time at T = 980 °C 

 

Figure 3 Relationships between dissolved nitrogen content and time at T = 980 °C 
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Figure 4 Relationships between dissolved carbon content and time at T = 980 °C 

 

Figure 5 Relationships between radius, r, of precipitates and time at T = 980 °C 

4. CONCLUSION 

A particular advantage of the model is the ability to distinguish and track the individual stages of the carbonitride 

precipitation process (nucleation, growth, coagulation). It enables to calculate the size distribution of 

carbonitrides existing in austenite and influencing its grain size as well as size distribution of carbonitrides 

precipitated in ferrite during decomposition of undercooled austenite and influencing the mechanical properties 

of ferrite by the strengthening precipitation effect. 

Derived model can be a useful tool for chemical composition of steel and heat treatment parameters 

optimization for obtaining the required high mechanical properties. 
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Abstract  

Work is aimed at three laboratory manufactured high strength manganese steels after cast, rolling and aging 

process (at 500 °C after 6, 12, 30 and/or 60 minutes of dwell). Micro-hardnesses (HV0.2) as well as potential 

k-carbides formation of micro- and/or nano-size and microstructures characters of all treatment modes are 

mutually compared. Revealed disproportions are explained by differences in chemical composition and in 

finishing hot rolling temperature leading to undesirable coarser k-carbides formation on the austenite-

austenite, resp. austenite-ferite interphase. Simultaneously, changes in selected thermos-physical parameters 

both after hot rolling and after subsequent aging (560 °C / 6 minutes) were studied. Between micro-hardness 

and those thermos-physical parameters some proportionality was observed.    

Keywords: High strength manganese steel, micro-hardness, k-carbides, microstructure, thermo-physical  

        parameter  

1. INTRODUCTION 

Knowledge of thermo-physical properties of each material represents important parameter for practical 

application, especially for material designing under thermal stress [1]. Among attractive materials, which 

physical properties had not been frequently studied by now, high strength manganese steels of second 

generation belong, especially those showing higher aluminium and manganese contents. Both mentioned 

elements makes the density of steel materials lower, being attractive for rotating components or lighter 

bodywork, and which also show higher stacking fault energy (SFE) and thus higher FCC matrix stability in wide 

temperature interval [2, 3]. Aluminium makes also any manganese material more resistant against corrosion 

and after optimised aging process, k-carbides precipitation of (FeMn)3AlC type is formed ensuring 

strengthening of the high manganese steel without any important negative influence on ductility [1, 4, 5]. The 

optimised aging process is depending on chemical composition of primary cast material, on conditions of 

temperatures of heating, deformation processes, cooling parameters and especially on the final temperature 

of forming and rate of cooling from that temperature so that none, ineffective coarser k-carbides, often of micro-

size were formed. Only during aging process k-carbides of nano-size must be formed being responsible for 

excellent final properties of given high strength manganese steels [2]. Presence of aluminium and also silicium 

supports lower portion of BBC structure beside the FCC one and also represents dangerous of possible 

occurrence of detrimental oxides formation on the other side. Thermo-physical properties can be measured by 

use of lumped capacitance method based on Newton´s cooling principle with negligible conduction heat 

treatment and combined heat transfer of convection and radiation. Model is valid if the Biot´s number is lower 

than 0.1. Necessary values of thermos-physical steel properties were obtained from [6]. All theoretical 

background is presented in work [7].  

The aim of presented paper is to show changes in micro-hardness after different treatment modes and to 

demonstrate differences in specific heat capacity, thermal conductivity and thermal diffusivity between hot 

rolled and subsequently aged (560 °C / 6´) high strength manganese steels.                  
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2. EXPERIMENTAL  

For study, three laboratory manufactured steels were used of which chemical composition is presented in 
Table 1. Iron content is balanced. In this table mathematically calculated SFE represents typical high strength 

manganese steel [3]. All heats were prepared by melting in vacuum induction furnace Leybold-Heraus and 

cast to ingot moulds with dimensions of 20 mm x 34 mm in cross section and the length corresponded to 120 

mm. Chemical analyses were carried out by use of optical emission spectrometer LECO GDS 750A with glow 

discharge.  

Table 1 Chemical composition of three cast heats (1-3) [wt. %], SFE [ mJ / m2] 

Heat C Mn Al Si Cr Ni P S Cu V SFE 

1 0.2 26.8 2.3 1.0 0.08 0.01 0.009 0.02 0.02 0.005 70 

2 0.5 27.3 2.3 1.1 0.08 0.91 0.009 0.02 0.02 0.005 105 

3 0.4 27.4 2.2 0.1 0.08 0.03 0.009 0.02 0.02 0.005 106 

Before rolling in laboratory rolling mill TANDEM [8] steels were heated 15 minutes at 1100 °C. All rolling 

process was described in work [4]. Final thickness of strips corresponded to 43 mm (width) x 54 mm with 1.9 

mm in thickness. After rolling aging processes at 560 °C / 6, 12, 30 and 60 minutes were realized and micro-

hardness HV0.2 (LECO 2000) in cross section evaluated. Micro-hardness was also measured after casting 

and forming. In second step samples approximately of 10 mm x 10 mm x 1.9 mm both from hot rolled and from 

aged material were prepared for evaluation of thermo-physical parameters including specific heat capacity 

(cp), thermal conductivity (K) and thermal diffusivity (α) at ambient temperature. Results of thermo-physical 

parameters were compared with evaluated micro-hardness and analyzed microstructure using light 

microscope Olympus IX70, resp. SEM JEOL JSM-6490 LV.   

             

Figure 1 Microstructure image of heat 1(left), 2 and 3 (right) after cast 

3. RESULTS AND THEIR ANALYSIS 

Microstructures of studied steels after cast and after hot rolling show Figures 1 and 2. Heat 1 shows the 

highest porosity and the finest microstructure (Figure 1), whereas heat 3 demonstrates the coarsest 

microstructure (Figure 1), which can be also observed after hot deformation as it from differences between 

Figure 2a and Figure 2c, resp. Figure 2c and Figure 2f in detail follows. In all three cases, especially after 

            500 µm 500 µm 500 µm 
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hot rolling, slight portions of δ-ferrite can be also observed, which is in accord with chemical composition of 

elements supporting the BCC structure (see Figure 2). Undesirable is presence of white k-carbides of micro-

size after hot rolling as can be clearly seen in Figure 2b or in Figures 2d-2f, especially. That fact is given due 

to high finishing hot rolling temperature and relatively slower cooling process from that temperature [2, 4, 5].  

                    

   

Figure 2 Microstructure image of all heats after rolling (general view and in detail) - heat 1 (a, d), 2 (b, e) and 

3 (c, f)  

Steel 1 showed the lowest carbon content and according Schumann [9] the 27 wt. % of Mn should be minimally 

connected with 0.3 wt. % of carbon. Higher carbon content is also necessary for fine (FeMn)3AlC k-carbides 

formation and their balance only after aging process [2]. Chemical composition and thus the SFE has been 

not negatively influenced from point of view of boundary value of 20 mJ / m2 under which austenite can be 

transformed into ε-martensite and/or α-martensite, which is undesirable in case of studied high strength 

manganese steel type. Also thanks presence of aluminium and silicium, the SFE corresponds to 70 mJ / m2 
(see Table 1) being a condition for the structure stability of given high strength manganese steel type with 

main FCC structure and low portion of BCC one [2, 10]. The lower aluminium content represents lower 

  500 µm 

a 

  500 µm   500 µm 

b c 

   25 µm 

f 

  25 µm 

e 

   25 µm 

d 
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dangerous for possible Al2O3 formation and/or AlN nucleation having detrimental influence on high strength 

manganese steel properties [2, 11] The higher is the SFE, the finer splitting of FCC structure can be awaited 

thus finer distances between partial dislocations, where fine k-carbides can be detected after aging process 

[2]. Owing to the higher carbon content heats 2 and 3 show much higher SFE as it from Table 1 follows. After 

hot rolling some lower portions of coarser (FeMn)3AlC k-carbides (especially in case of heat 2) were formed. 

These can be detected on the austenite-austenite and/or austenite ferrite interphase (see microstructure in 
frame of Figure 3) and are undesirable, because lower portion of carbon content in solid solution is at disposal 

for the k-carbides nucleation of nano-size formed during final heat treatment - aging predominantly inside of 

primary austenite grains [2, 11], thus the final strength, resp. hardness can be generally lower finally than has 

been awaited [2, 4, 5, 12]. Fortunately, mentioned coarser k-carbides were not detected in extremely high 
portion as it from Figures 2d-2f follows. The finer microstructure and higher portion of fine k-carbides is 

observed, the higher hardness and/or strength can be found and also higher thermal conductivity (K) as well 

as thermal diffusivity (α) is recorded unlike specific heat capacity (cp) which is going down. The found out 

results of micro-hardness and mentioned thermo-physical parameters are summarized in Figure 3 and  

Figure 4.                     

 

Figure 3 Hardness after different treatment conditions. C represents casting, R rolling process and 6, 12, 30, 

and 60 minutes dwell times after aging at 560 °C. Microstructure image of the heat 2 (on the left) shows 

detected coarser k-carbides after hot rolling    

As it from Figure 3 follows, after rolling process micro-hardness of all heats went up, in case of heat 2 

dramatically (by 75 % approximately), which could be ascribed not only to deformations during hot rolling [13], 

thus microstructure refinement and higher dislocation density, however partial k-carbides formation of µm size 

[5, 12], especially in case of heat 2 (Figures 2a-2f), not being quite optimal for next aging process as it was 

mentioned above. After 6 minutes of aging dwell, micro-hardness went down in all cases. Heat 2 showed the 

highest portion of µm-size k-arbides and also the lowest micro-hardness increase unlike the other heats, 

10 µm 
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because just low portion of nano-size k-carbides came into existence. In heat 2, chemical composition was the 
most balanced (Table 1) and thus the heat 2 showed the best conditions for other fine nano-size k-carbides 

precipitation after given aging [9]. After 12 minutes of aging, all heats demonstrated a decrease in micro-

hardness. Thanks the chemical composition, the heat 2 showed the slightest micro-hardness fall and this level 

was practically kept after 30 and 60 minutes of aging, too. Heat 3 showed similar trend as the heat 2, whereas 

heat 1 demonstrated dramatic micro-hardness fall (by 31 %) already after 12 minutes of aging thanks elements 

shortage for other nano-size k-carbides precipitation [2, 9]. After other 30 and 60 minutes of dwell, the micro-
hardness dropped by 9 and 2 % (in sequence) as can be seen in Figure 3. Each fall of micro-hardness can 

be ascribed mentioned key elements shortage and coarsening of the formerly formed nano-size k-carbides 

thanks longer dwell times and thus better diffusion conditions for their coarsening. Low levels of micro-

hardness after longer aging times do not demonstrate further nano-size k-carbides formation, but coarsening 

and number decrease of the existing precipitates [4, 5]. 

 

Figure 4 Dependence of specific heat capacity, thermal conductivity and thermal diffusivity on two types of 

treatment (hot rolling - represents R and (6´) aging at 560 °C / 6 minutes - thicker bars) in case of all three 

studied heats 1, 2 and 3 

As it from Figure 4 follows, thermo-physical parameters showed after aging lower specific heat capacity by 3, 

6 and 6 % approximately, while thermal conductivity went up by 15, 5 and 5 % and thermal diffusivity by 18, 

practically 0 and 6 % approximately. Given data are mentioned in sequence for heat 1, 2 and 3. In all cases 

Biot´s number corresponds to 0.0004 and results are in accord with physical natural relations [14, 15]. After 

aging the most important increase was observed in thermal conductivity (by 8 % in average), and in thermal 
diffusivity (by 8 % in average, including insignificant difference in case of heat 2 - see Figure 4), while specific 

heat capacity went down and average fall was practically on the level corresponding to 6 % in average. In 
other words, with micro-hardness increase, respectively with higher portion of fine nano-size precipitates, the 

thermal conductivity and thermal diffusivity values are going up and specific heat capacity shows decreasing 

tendency. All investigated parameters were in good agreement with reference data.             

4. CONCLUSION 

After cast, hot rolling and subsequently aged at 560 °C during 6, 12, 30 and 60 minutes three laboratory 

manufactured and analyzed heats demonstrated different micro-hardness. The more is balanced chemical 

composition among C, Mn, Al and Fe [9] the highest micro-hardness studied heats can be revealed including 

minimal fall of these values after longer aging process than it corresponds to 6 minutes. The most important 
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decrease of micro-hardness with unbalanced chemical composition and with minimal volume fraction of carbon 

content heat 1 demonstrated.  

High finishing rolling temperature with slower cooling process from that temperature led to undesirable µm-

size k-carbides formation that run out necessary elements for nano-size k-carbides formed during aging 

process being responsible for high micro-hardness and/or strength.  

Aging influenced thermo-physical properties of investigated high strength manganese steels. Thermal 

conductivity wet up as well as thermal diffusivity and specific heat capacity revealed decrease.     
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Abstract  

Induction quenching can be used for hardening the outer surface of large parts, achieving superior mechanical 

properties, with the advantage that heating is not required to the whole part. Induction heating is a complex 

combination of electromagnetic, heat transfer, and metallurgical phenomena involving factors such as: current, 

voltage, frequency, applied power, scanning speed, heating period, and many more. The influence of some of 

these factors on the material properties will be shown for an induction-quenched steel large bearing ring 

(50CrMo4). It was observed that increasing the induction heating working frequency results in a decrease in 

the quenched depth in the sample, but also in an increase in sample surface temperature. It was possible to 

obtain the same desired thickness of the hardened layer using different combinations of power and frequency 

density. For example, when it would be necessary to obtain a hardened shallow superficial layer, the same 

result could be obtained with a lower frequency than the optimum in combination with a higher power density 

applied for a shorter time. On the other hand, if a thicker layer is desired, with an existing system using a higher 

frequency than the optimum value, the use of a lower power density in combination with a higher heating time 

would be beneficial. Choosing the optimal parameters is critical, in terms of lower number of defects, such as 

cracks and uneven depths for the hardened material.  

Keywords: Induction quenching, steel, bearings 

1. INTRODUCTION 

Induction quenching technology, used for superficial hardening of bearing rings, amongst other industrial 

applications, involves induction heating of the surface to be quenched. In terms of induction quenching, the 

process involves two phases, the first one being the superficial heating by induction of the part using an 

inductor coil (usually a water-cooled copper coil), followed by the actual quenching in water or other cooling 

medium [1]. Induction quenching is a heat treatment process widely used in industry to improve the mechanical 

properties of metallic parts, including hardness and fatigue strength. The main advantage of the method is that 

it can only be applied to a particular zone of the hardened part (superficial layers, pins, gears) without affecting 

the properties of the core material, which remains ductile and resists well to dynamic stresses. Other 

advantages of the induction quenching process compared to classical thermal treatments are: significant 

shortening of the heat treatment cycle duration, decreased energy consumption, and the grain growth 

phenomenon is very limited [2]. It has applicability in the case of large pieces, with various shapes, with a 

significant advantage in terms of reduced deformation, especially for large parts, due to short-term partial 

heating. Moreover, the internal thermal and structural stresses usually do not lead to cracks as in the case of 

classic hardening [3]. During induction quenching a medium or high frequency alternating current is passed 

through the copper coil generating a magnetic field which in turn creates eddy currents in the conductive 

section which heat the piece to the desired temperature. The current depth of penetration into the piece is 

directly dependent on the operating frequency of the generator [4]. 

Power and frequency are two of the most important factors affecting the penetration depth of the 

electromagnetic field. In surface hardening applications, the frequency may vary from very high values, such 
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as 4000 kHz (used for special applications such as surface hardening of thin wires) down to the 50 Hz [5]. It is 

possible to obtain the same desired thickness of the hardened layer using different combinations of power and 

frequency density. For example, when it is necessary to obtain a thin superficial layer, the same result could 

be obtained with a lower frequency than the optimum, in combination with a higher power density applied for 

a shorter time. On the other hand, if a thicker layer is desired, it can be obtained using a higher frequency than 

the optimum, and the use of a lower power density in combination with a higher heating time. In the case of 

bearing rings, the ultimate end-use of this technology is to obtain a hardened layer with a preset thickness on 

the active surface of the bearing ring, which should be uniform both on the circumference of the ring, as well 

as in cross-section [6]. 

Hereinafter, some of the results concerning the influence of the induction quenching technological parameters 

on the characteristics of the 50CrMo4 steel are presented. 

2. EXPERIMENTAL DETAILS 

The steel grade studied in this work was 50CrMo4, which is currently used in the production of large-sized 

bearing rings by a few manufacturers. This is steel practically intended for a secondary tempering heat 

treatment followed by a high temperature annealing, in order to obtain a final sorbit structure. This grade of 

steel has a C content (in wt. %) of 0.46-0.54, Mn 0.5-0.8, Cr between 0.9-1.2, Mo between 0.15-0.30, P max. 

0.025, Si max. 0.4 and the balanced is Fe. The presence of molybdenum in the composition of this steel is 

particularly important in reducing the tendency of fragility after annealing, a tendency which is specific to high-

quality steels subjected to this type of heat treatment. Moreover, molybdenum contributes to increased fatigue 

resistance, and contributes to structural refinement.   

The 50CrMo4 steel samples were cylindrical: 30 mm diameter and an average length of 77 mm. The main 

objective to be pursued is to obtain a uniformly hardened layer with a thickness dependent on the parameters 

applied to the induction generator: frequency, power, current intensity, heating duration, displacement rate in 

relation to the inductor coil, etc. In addition to the parameters applied to the induction generator, the distance 

between the sample and the inductor can be modified by reducing the diameter of the sample or by 

eccentrically positioning it in the inductor. Considering the percentage of carbon for this type of steel, the 

heating temperature is required to be in the range of 870-900 °C, necessary to reach the γ solid solution range, 

following a rapid cooling in a quenching medium. The samples were heated using an inductor coil with an inner 
diameter of 50 mm. The inductor coil and the steel sample placement can be seen in Figure 1. 

 

Figure 1 Sample placement in the inductor coil 

Moreover, the heating process of large-sized bearing rings was studied on an industrial installation. A bearing 
ring with the geometry shown in Figure 2a was heated by an inductor that follows the geometry of the ring 
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profile. An OPTRIS thermal camera, positioned near the inductor, was used for temperature acquisition. The 

ring was heated using five power stages: 33 %, 35 %, 37 %, 39 %, 41 %, which translate to the following 

current intensities: 402 A, 423 A, 447 A, 473 A, 495 A. The rest of the parameters were maintained at identical 

values: the distance between the inductor and the ring (5 mm), the displacement rate of the inductor in relation 

to the ring, the working frequency (4 KHz), the inductor configuration (position and number of the concentrating 

or insulating plates). The variation of the temperatures at the surface of a ring, depending on the inductor 
movement, is exemplified in Figure 2b. 

a)   b)  

Figure 2 Bearing ring cross-section (left), temperature variation at the surface of the ring (right) 

3. RESULTS AND DISCUSSIONS 

Induction heating is based on the phenomenon of magnetic induction and skin effect, according to which an 

electric current is induced in the heated piece located in a magnetic field, which is distributed only in the 

peripheral layers of the piece. The Joule effect, which occurs under the action of induced currents, causes the 

heating of the part in a relatively short time. The thickness δ of the respective heated layer depends on the 

resistivity ρ and the magnetic permeability μ of the material and the frequency of the induced current f. This 

dependence is expressed mathematically by the relation: 

δ = 503×(ρ / μr f) ½                                                                       (1) 

According to equation (1), (where ρ - resistivity [Ω m], μr - relative magnetic permeability, f - current frequency 

[Hz]) the magnitude of the penetration depth of the electromagnetic field in the material varies with the square 

root of the electrical resistivity and inversely proportional to the square root of the relative magnetic permeability 

and frequency [5]. Mathematically speaking, the depth of penetration of the electromagnetic field in the piece, 

δ, in equation (1) is the distance from the surface to the core of the piece, the distance at which the current 

decreases exponentially to "1 / exp". The power density at this distance will drop to "1 / exp2" from its value at 

the surface. Generally, the optimum frequency will lead to a depth of penetration in the piece that will be 1.2 

to 2 times the required depth, keeping this ratio compensates for the softening effect of the cold core of the 

piece. 

To determine the influence of the heating period, the samples were displaced in relation to the inductor coil at 
different feed rates, which resulted in a variation in the heating time. Table 1 shows a selection of experimental 

conditions for determining the influence of heating time on the final sample surface temperature. The values I 

(current intensity), U (voltage), f (frequency), P (power) were considered the arithmetic mean of several 

experiments performed under the same conditions. For 50CrMo4 steel (AISI 4150), the electrical resistivity, ρ, 

is 24.5 × 10-8 Ω m; the relative magnetic permeability, μr, is 750 × 10-5 and the heating temperature for 

quenching: 840-870 °C. Surface temperatures were measured with an infrared pyrometer. The temperature 
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variation over time, on selected samples, is shown in Figure 3 - increasing the heating time results in an 

increase in the sample surface temperature, as can be seen in Figure 4. 

Table 1 Induction heating parameters: current, voltage, frequency, power, displacement rate, time, 

 temperature and heated depth  

Sample no. 
I 

(A) 

U 

(V) 

f 

(Hz) 

P 

(kW) 

v 

(mm/s) 

τ 

(s) 

Tmax 

(oC) 

δcalc 

(mm) 

5 
507 902 13800 25.2 

3.2 24 862.6 24.1 
507 904 13800 23.8 

12 
507 891 14000 35 

2.2 35 875.7 24.1 
506 892 14000 29.3 

21 
506 887 14000 37.3 

1.7 45 894 24.1 
507 899 13900 29.1 
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Figure 3 Temperature variation at the sample surface, as function of time 

 
Figure 4 Temperature variation at the sample surface, as function of time 

In order to study the influence of frequency on the final result, experiments were performed in which the 

frequency was varied, maintaining the intensity of the current in the inductor and the heating time at constant 
values. Table 2 shows a selection of parameters and results. 
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Table 2 Induction heating parameters: current, voltage, frequency, power, displacement rate, time,  

  temperature and heated depth  

Sample no. I (A) U (V) f (Hz) P (kW) v (mm/s) Τ (s) Tmax (oC) δcalc (mm) 

8 507 910 8300 20.3 7.7 10 537.3 31.1 

14 507 902 11.1 25.1 7.7 10 567.7 27.1 

31 507 900 13.9 33.2 7.7 10 574.8 24.1 

An increase in induction heating frequency results in a decrease in the penetration depth in the sample but 
also in an increase in sample surface temperature, as can be seen in Figure 5. It is easy to notice that the low 

heating time has not allowed the temperature values required for the quenching, but the purpose of the 

measurements was to observe the influence of temperature on the surface of the sample, keeping the rest of 

the parameters at close range. It is possible to obtain the same desired thickness of the hardened layer using 

different combinations of power and frequency density. For example, when it is necessary to obtain a thin 

superficial layer, the same result could be obtained with a lower frequency than the optimum in combination 

with a higher power density applied for a shorter time. On the other hand, if a thicker layer is desired with an 

existing system using a higher frequency than the optimum the use of a lower power density in combination 

with a higher heating time. The literature, which refers to practical data, recommends that the choice of the 

optimal frequency be made so that the penetration depth, δ, is between 1.2 ÷ 2 times the thickness of the 

desired layer [5]. It should also be kept in mind that with increasing temperature the electrical resistivity and 

magnetic permeability of the material change. 

 
Figure 5 Temperature variations at the sample surface, as function of frequency 

a) b)  

Figure 6 Temperature variation at the sample surface, related to the position on the surface (left); 

temperature variation for a single line, close to the inductor (right) 
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The temperature variation on the surface of the bearing ring, measured with a thermal camera, can be 
observed in Figure 6a, for the measurement performed with 33 % power. As can be clearly noticed, the 

temperature at the surface is not uniform, even if the inductor is positioned at the same distance from the 

surface of the material. Plotting the variation in temperature for a single line, the closest to the inductor, where 
the temperature would be the highest, seen in Figure 6b, leads to the same observation, that the temperature 

at the surface is not uniform. The geometry of the bearing ring, in conjunction with that of the inductor, plays 

an important role concerning the temperature distribution. 

4. CONCLUSION 

The influence of some of the induction heating process parameters was studied, for a particular application:  

surface induction quenching, applied to bearing rings. It was observed that increasing the induction heating 

working frequency results in a decrease in the quenched depth in the sample, but also in an increase in sample 

surface temperature Moreover, the position and number of insulating/concentrator plates in the inductor stack 

influences the surface hardening depth on the rolling path.  
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Abstract 

The article deals with the evaluation of the functional surfaces of the ball valve body. It deals with the finishing 

methods when machining parts of the ball valve assembly. Above all, it is good practice to achieve a reduced 

roughness of the machined seating surfaces and areas where a special sealing element will be used. From 

the offered variants of surface finish machining methods, emphasis is placed on turning technology, so called 

fine turning. Experimental machining is aimed to achieve the required surface roughness (parameter Ra less 
than 0.2μm) directly after the finishing operation. 

Keywords: Ball valves, roughness, finishing methods, surface finish, machining, cermet 

1.  INTRODUCTION 

A cryogenic ball valve is a shut-off valve that serves to fully open or close the flowing medium, see Figure 1.  

The flowing mediums are either non-aggressive or aggressive liquids or gases without mechanical impurities 

within the temperature range of -42 ° C to -273 ° C. When working under these conditions, there is a clear 

requirement for a long service life whilst keeping regular service checks to a minimum. Such service 

intervention on the equipment may stop the entire piping system. Most leaks occur due to wear of the sealing 

elements. In order to achieve the highest possible service life, high emphasis is placed on reducing the surface 

roughness of the contact surfaces to minimize the abrasive wear of the sealing elements.  

   

Figure 1 3D View of the K92 type ball valve assembly for cryogenic use 

The ball valve assembly consists of a number of standardized parts and the following parts that need to be 

machined, such as: body, lid, bottom pin, attachment, STEM control pin, stuffing box, stuffing lid, seating and 
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ball. Said components are machined in a conventional manner, however the bearing surfaces of the body, lid, 

bottom pin and ball valve attachment require a higher quality of their machined surfaces. See cross section in 
Figure 2. These surfaces require further finishing to achieve the roughness within the parameter Ra = 0.1 to 

0.2 μm as opposed to the original roughness after machining of Ra = 1 μm [1]. 

 

Figure 2 A spherical valve cross section with construction nodes  

(1st area - attachment / body; 2nd area - seating / lid; 3rd area - lid / body; 4th area - lower pin / body) 

The core part of the assembly is a ball valve body on which there are a total of 4 surfaces to be machined with 
the surface roughness criterion Ra of 0.1 to 0.2 μm. The machined surfaces are shown in Figure 3. The 

required roughness does not need to be adhered to within 2 mm from the start or end of the runout. 

 

Area Required diameter Required surface roughness 

1     ∅61.2 H11 Ra 0.1 ÷ 0.2 µm 

2 ∅185 	f.D	f.& Ra 0.1 ÷ 0.2 µm 

3     ∅61.2 H11 Ra 0.1 ÷ 0.2 µm 

4     ∅185 	f.D	f.& Ra 0.1 ÷ 0.2 µm  

Figure 3 Detail of the required machining on the ball valve body 

The theoretical shape of roughness serves only for the basic orientation in surface formation and is of little 

practical significance because surface roughness is influenced by a number of factors occurring during the 

machining process e.g.: plastic deformation in the area of chip formation, dynamic phenomena - vibrations 

arising within the machine-tool-workpiece - lubricant system, creating edges on a minor cutting edge, friction 

of the cutting tool edge against the machined surface. 
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In summary, the following aspects influence the roughness of the machined surface during the machining 

process: cutting conditions (especially feed rate, cutting depth, cutting speed), tool wear, machinery used 

(dynamics), securing of the workpiece (positioning) - (causing vibration), cutting tool alignment (causing 

vibration). 

In general, fine machining can be achieved with a roughness parameter of Ra of 0.4 to 0.8 μm and IT of 4 to 

6. It involves the use of cubic nitride of boron, ceramics or diamond cutting tools, together with high cutting 

speed. However, the authors of the article try to achieve a better roughness after machining, namely Ra 0.1 

to 0.2 μm [2, 3]. 

Table 1 Technological parameters of the cutting process [5, 6] 

Machine 
DMG MORI NLX2500MC/700 

 

 

Control system Mitsubishi M730BM 

Material of workpiece F 304L (EN 10088-3: 1.4307) 

Clamping Three-jaw chuck Kitagawa 10” 

Tool - inserts 

Producer: Mitsubishi Materials 

DNMG1506-04 (RE = 0.4 mm) 

DNMG1506-08 (RE = 0.8 mm) 

DNMG1506-12 (RE = 1.2 mm) 

 

Tool holder 

Producer: Sandvik 

C4-PDJNR-27055-15HP 

 
 

2. EXPERIMENT DESCRIPTION 

The experiment was designed for a DMG MORI NLX2500MC / 700 machine. Detailed information about the 
machine is given in Table 1. The machined material is chromium-nickel austenitic steel F304L marked 1.4307 

according to EN 10088-3. Based on previous experience, CERMET's specifically-designed DNMG1506 series 

interchangeable cutting inserts manufactured by Mitsubishi Materials were the most suitable tool material. The 

cutting inserts differed only in the radius of the tool tip (RE). The detailed proposed experimental conditions 
are shown in Table 2 [4].    
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Table 2 Cutting conditions of finishing milling operation 

Experiment 
no. 

Tool 
Radius of the tool tip Cutting speed 

Feed per 
revolution 

Axial cutting depth 

RE [mm] vc [m·min-1] fn ap 

1 DNMG1506-04 0.4 

200 

0.05 

0.3 

0.07 

0.09 

275 

0.05 

0.07 

0.09 

350 

0.05 

0.07 

0.09 

2 DNMG1506-08 0.8 

200 

0.05 

0.3 

0.07 

0.09 

275 

0.05 

0.07 

0.09 

350 

0.05 

0.07 

0.09 

425 

0.03 

0.04 

0.05 

500 

0.03 

0.04 

0.05 

3 DNMG1506-12 1.2 

200 

0.05 

0.3 

0.07 

0.09 

275 

0.05 

0.07 

0.09 

350 

0.05 

0.07 

0.09 

425 

0.06 

0.07 

0.08 

500 

0.06 

0.07 

0.08 
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3.  MEASURING RESULTS 

The resulting surface roughness measurement was carried out using the HOMEL device, which was clamped 
directly into the head of the machine tool (see Figure 4). Detailed technical data for the measurements are 

given in Table 3. Each resulting machined area was measured five times and the average mean roughness 

of the surface was then calculated. The resulting roughness parameters are shown in the graphs below. 

 

Figure 3 Picture of the surface roughness parameters measurement 

Table 3 Conditions of measurement [7] 

Device name Wavelength limit  
lc [mm] 

Base length  
lt [mm] 

Feed speed  
vt [mm·s-1] 

Alignment L 
[mm] 

HOMEL 0.8 4.8 0.5 175 

 

Figure 4 Final roughness of surface for DNMG1506-04 insert 

 

Figure 5 Final roughness of surface for DNMG1506-08 insert 
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Figure 6 Final roughness of surface for DNMG1506-12 insert 

4.  CONCLUSION 

The experiment disproved the theoretical assumption that machining would only achieve a maximum surface 

roughness of Ra = 0.4 μm. The experiment proved that the desired roughness parameter Ra = 0.1 ÷ 0.2 μm 

can be achieved by choosing a suitable cutting tool and operating within ideal cutting conditions. Initially, an 

experiment was performed using the DNMG1506-04 Interchangeable cutting insert with a Radius of RE = 0.4 

mm. This experiment failed to achieve the required surface roughness. For the second experiment, a 

DNMG1506-08 interchangeable cutting insert with a radius of RE = 0.8 mm was used. At a lower cutting speed 

(vc = 200 ÷ 350 m·min-1) and a higher feed rate, the resulting surface roughness was in the range of 0.157 ÷ 

0.373 μm. With these cutting parameters, the required roughness was achieved, but the process was unstable. 

For this reason, the cutting speed was increased to a value of vc = 500 m·min-1 and the feed rate was reduced. 

When selecting these cutting parameters, the surface roughness Ra of 0.123 ÷ 0.2 μm was achieved. These 

cutting parameters were judged to be satisfactory because the resulting roughness surface was always of the 

required quality. The third experiment was performed with a DNMG1506-12 interchangeable cutting insert with 

a radius of RE = 1.2 mm. With a lower cutting speed (vc = 200 ÷ 350 m·min-1) and a change in feed rate, there 

was a minimal change in the resulting surface roughness, and the whole process was stable and resulting 

roughness of the surface within the desired quality. The lowest surface roughness was achieved using the 

cutting speed of vc = 500 m·min-1 and feed of f = 0.06 mm. However, as the feed rate increased, the surface 

roughness deteriorated significantly. 
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Abstract  

The effect of heat treatment on the microstructure and mechanical properties of a (in wt. %) 10 Cr-3Co-3W-

0.2Re martensitic steel was investigated. The microstructure and mechanical properties of the steel subjected 

to the normalizing at 1050 °C and tempering at different temperatures ranging from 750 to 800 °C were studied. 

After normalizing at 1050 °C, the average size of prior austenite grains was 59 ± 5 μm and no evidence of δ-

ferrite was observed. The tempering temperature strongly affected the tempered martensite/ferrite lath 

structure: the lath width increased from 280 ± 30 to 710 ± 70 nm and dislocation density decreased from to  

3 × 1014 to 1.5 × 1014 m-2 when tempering temperature increased from 750 to 800 °C. The boundary M23C6 

and M6C carbides and randomly distributed within matrix Nb-rich MX carbonitrides were detected. Increasing 

the tempering temperature led to the significant growth of all secondary phase particles. No depletion of Re 

from the solid solution during tempering under any temperatures was revealed. Impact toughness was 

independent of tempering temperature, whereas tensile properties and hardness decreased with increasing 

tempering temperature. This steel tempered at 770 °C was subjected to the short-term creep tests at 650 °C 

under the applied stresses ranging from 200 to 140 MPa with a step of 20 MPa. High creep resistance of this 

steel under short-term creep testing was revealed which is attributed to the stability of tempered 

martensite/ferrite lath structure. 

Keywords: Martensitic steel, heat treatment, microstructure, mechanical properties, precipitation 

1. INTRODUCTION 

Nine to 12 wt. % of Cr martensitic steels are used for critical components of boilers, steam main tubes and 

turbines of fossil power plants with increased thermal efficiency [1-8]. Several strengthening mechanisms 

ensure the improved creep resistance of these steels [1]. Precipitation strengthening is provided by M23C6-

type carbides and MX carbonitrides (where M is V or/and Nb and X is C or/and N) precipitated at grain 

boundaries and within the ferritic matrix, respectively, during tempering as well as Laves phase Fe2(W,Mo) 

precipitated at grain boundaries during creep/aging. MX carbonitrides, which are highly effective in pinning the 

lattice dislocations, play a vital role in a superior long-term creep resistance of the high-chromium martensitic 

steels, whereas boundary M23C6 carbides and Laves phase exerting a high Zener drag force stabilize the 

tempered martensite lath structure [1,9-13]. Solid solution strengthening is provided by a presence of Co, W, 

Mo atoms in the ferritic matrix at elevated temperatures. However, in contrast with cobalt, the tungsten and 

molybdenum have limited solubility within ferrite, and their excessive content leads to the precipitation of such 

W/Mo-rich particles as Laves phase Fe2(W,Mo) or М6С carbides [1,9-13]. Depletion of solid solution by these 

elements highly deteriorates creep resistance [10]. In Ref. [6] it was noted that keeping the high content of 

solute tungsten in the solid solution during creep increased the long-term creep rupture strength, and this was 

attained by not increasing initial tungsten content by doping rhenium. Rhenium does not only act as a solid 

solution element, but also has an effect to maintain the sufficient amount of solute tungsten in the matrix during 

creep or thermal aging at 600 and 650 °C [2,5-7,9]. The aim of the present work is to investigate the effect of 

tempering temperature on the structure and mechanical properties of a Re-containing 10 %Cr martensitic steel 

and to estimate the effect of Re on the structure and mechanical properties. 
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2. EXPERIMENTAL PROCEDURE 

The experimental steel denoted here as 10Cr-3Co-3W-0.2Re with chemical composition (in wt. %) 0.11C - 

0.03Si - 0.14Mn - 9.85Cr - 3.2Co - 0.13Mo - 2.86W - 0.23V - 0.07Nb - 0.03Ni - 0.008B - 0.002N - 0.22Cu - 

0.17Re was produced by vacuum-induction melting 100 kg ingot. Square bar with a cross-section of 150 mm 

× 150 mm and a height of 50 mm was homogenized at 1150 °C for 16 h and forged at 1150 °C. Then, the steel 

was normalized at 1050 °C for 1 h and tempered at temperatures of 750, 770 and 800 °C for 3 h and air cooled. 

Tensile tests were carried out on specimens that had a cross section of 1.5 mm × 3 mm and a 21 mm gage 

length using an Instron 5882 machine at 20 and 650 °C with a strain rate of 2 × 10-3 s-1. Hardness was 

measured under a load of 750 N using a Wolpert 3000BLD device at ambient temperature. Charpy impact 

tests were carried out on standard 10 mm × 10 mm × 55 mm specimens with a 2 mm V-notch in accordance 

with the ASTM E23-05 standard using an Instron IMP460 machine at ambient temperature. Flat specimens 

tempered at 770 °C with a gage length of 25 mm and a cross section of 7 mm × 3 mm were crept until rupture 

at 650 °C under an applied stress ranging from 140 to 200 MPa with a step of 20 MPa. The structure was 

analyzed using an optical microscope an Olympus GX7 and a transmission electron microscope JEOL-2100 

(TEM) with an INCA energy dispersive X-ray spectrometer (EDS). For the optical metallography, the 

specimens were ground, polished and etched in a solution of 2 pct HNO3 and 1 pct HF in 97 pct H2O. The foils 

for TEM analysis were subjected to electrolytic polishing in a solution of 10 pct perchloric acid in a glacial acetic 

acid with Struers "Tenupol-5" machine. XRD spectra of the precipitated phases were recorded using a Rigaku 

Ultima IV diffractometer equipped with a Cu-Kα radiation source and a semiconductor detector. Equilibrium 

volume fractions of phases were calculated with the Thermo-Calc software using the TCFE7 database. 

 

Figure 1 Structure of the 10Cr-3Co-3W-0.2Re steel after normalization at 1050 °C for 1 h, air cooling, 

obtaining by a) optic microscopy, b-f) TEM  

3. RESULTS AND DISCUSSION 

3.1. Normalized structure 

Figure 1 shows the microstructure of the steel studied after normalization at 1050 °C for 1 h followed by air 

cooling.  
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The average size of prior austenite grains (PAGs) was 59 ± 5 μm, wherein no evidence for the formation of δ-
ferrite in the steel studied was found by optical metallography (Figure 1a).  

The average transverse dimension of martensitic laths was 183 ± 20 nm, and a high dislocation density of 4 × 
1014 m-2 was observed within the martensitic laths (Figure 1d). Two types of dispersoids were revealed after 

normalization. First, fine round-shape Nb-rich MX particles (Figures 1b,c) with an average size of 33 ± 5 nm 

remain undissolved under normalization. Second, Fe-rich M3C platelets with an average length of 230 ± 30 nm 
were found (Figures 1e,f). Both these types of dispersoids are distributed uniformly within the martensitic laths 

(Figures 1b,e). It is apparent that these cementite particles precipitate on the NbX interfaces or 

homogeneously during auto-tempering [14] (Figure 1e).  

3.2. Tempered structure 

The structures of the 10Cr-3Co-3W-0.2Re steel after tempering at temperatures of 750, 770 and 800 °C for 3 
h are shown on Figure 2. The formation of tempered martensite lath structure occurred at any tempering 

conditions. With increasing tempering temperature from 750 to 800 °C, tempered martensite lath structure was 
gradually transformed into the subgrain structure (Figure 2), wherein the average transverse dimension of the 

martensitic laths increased from 280 ± 30 to 710 ± 70 nm and the dislocation density within the laths 

insignificantly decreased from 2.8 × 1014 to 1.6 × 1014 m-2. The average size of subgrains in the structure of 

the steel tempered at 800 °C reached 580 ± 60 nm.  

 

Figure 2 Structure of the 10Cr-3Co-3W-0.2Re steel after tempering at 750 °C (a), 770 °C (b), 800 °C (c) and 

X-ray spectra of the steel studied after tempering at 770 °C (d) 

The chemical composition of the ferritic steel studied after tempering at different temperatures was (in wt. %) 

79Fe - 9Cr - 3.6Co - 3.3W - 0.1Mo - 0.2Re - 0.2V. No depletion of W, Co, Mo, Re and V from the solid solution 

during tempering under any conditions was revealed. The decrease in the Cr content from 9.8 % to  
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9 % and absence of Nb in the solid solution after tempering at all temperatures indicated the precipitation of 

Cr-rich and Nb-rich phases. Three types of the precipitates were observed after tempering at all conditions 
according to Figure 2d. First, Cr-rich M23C6 carbides instead of Fe-rich M3C carbides having a round shape 

precipitated along the boundaries of PAGs, blocks, packets and martensitic laths. This phase was dominant 

at all tempering temperatures. Increasing the tempering temperature from 750 to 800 °C led to an increase in 

the average size of M23C6 carbides from 67 ± 7 to 88 ± 9 nm, while the volume fraction of this phase was nearly 

the same for all tempering temperatures according to Thermo-Calc prediction. Second, fine Nb-rich MX 

carbonitrides with round shape precipitated inside the martensitic laths. An average size of Nb-rich particles 

after tempering at 750 °C is less than that in the normalized condition that is attributed to the additional 

precipitation of this phase during tempering. Increasing the tempering temperature from 750 to 800 °C resulted 

in about 2-fold increase in the average size of Nb-rich MX carbonitrides from 21 ± 2 to 46 ± 5 nm. Third, W-

rich M6C carbides precipitated along the boundaries of martensitic laths; the average size of these carbides 

increased from 20 ± 2 to 51 ± 5 nm with increase in the tempering temperature from 750 to 800 °C. The volume 

fractions of two last phases were negligible.  

To estimate the effect of Re on the structural changes during tempering, the structure of the 10 % Cr Re-free 

steel with similar contents of interstitial elements was investigated after tempering at 770 °C [15]. The 

comparison of structures of the 10 % Cr Re-free and Re-containing steels showed that the doping by Re 

together with increasing the W content and decreasing the Mo content resulted in the increase in the average 

PAG size from 35 to 59 μm and decrease in the average transverse dimension of martensitic laths from 500 

to 290 nm. No effect of Re on the dispersoids was detected.  

3.3. Mechanical properties 

The effect of tempering temperature on the engineering stress-strain curves, total elongation, uniform 
elongation and area of reduction is shown in Figure 3. The yield stress (YS) and ultimate tensile strength 

(UTS) at 20 and 650 °C testing, the impact toughness (KCV) and hardness (HB) at room temperature are 
summarized in Table 1. 

 

Figure 3 The effect of the tempering temperature on the engineering stress-strain curves (a), relative 

elongation (b) and reduction of area (c) at 20 and 650 °C testing for the 10Cr-3Co-3W-0.2Re steel  

At room temperature, the specimens tempered at 750, 770 and 800 °C showed an extensive strain hardening 
at the initial stage (Figure 3a) which was followed by the apparent steady-state flow up to necking. Post-

uniform necking elongation has occured up to fracture. Increasing the tempering temperature led to an 

increase in the duration of the apparent steady-state stage and did not affect the relative elongation and 

reduction of area. At 650 °C, all the engineering stress-strain curves showed the short stage of extensive strain 

hardening, very short apparent steady-state stage and long stage of necking. Increasing the tempering 

temperature led to an increase in the total elongation and reduction of area. At 20 °C testing, an increase in 

the tempering temperature resulted in a decrease in YS from 618 to 530 MPa and UTS from 760 to 695 MPa. 
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At 650 °C testing, an increase in the tempering temperature led to a decrease in YS from 334 to 315 MPa and 
UTS from 356 to 330 MPa (Table 1).  

Table 1 Mechanical properties of the 10Cr-3Co-3W-0.2Re steel after tempering at 750, 770 and 800 °C 

Ttempering, °C Ttest, °C YS, MPa UTS, MPa KCV, J / cm2 Hardness, HB 

750 20 618 ± 5 760 ± 5 164 ± 1 248 ± 7 

650 334 ± 3 356 ± 3 - - 

770 20 558 ± 5 712 ± 5 176 ± 3 223± 4 

650 300 ± 8 324 ± 5 - - 

800 20 530± 5 695 ± 5 172 ± 13 211 ± 5 

650 315 ± 4 330 ± 2 - - 

Tempering temperature did not affect the impact toughness of the steel studied; impact toughness was ~ 170 
J / cm2 after tempering at any temperature conditions (Table 1). Shear fracture measured according to ASTM 

23-5 was 65-70 %. Increasing the tempering temperature from 750 to 800 °C reduces the hardness from 248 

to 211 HB. No effect of Re on the mechanical short-term properties was detected [16]. So, increasing in the 

transverse dimension of the martensitic laths and formation of subgrains together with growth of dispersoids 

along PAG and lath boundary as well as inside martensitic laths leads to decrease in the strength 

characteristics (YS and UTS) and hardness but does not affect impact toughness of the steel studied. 770 °C-

tempering provides the structure and mechanical properties that satisfies the requirements for boiler steels for 

power units.  

After 770 °C-tempering, the flat specimens were crept until rupture at 650 °C under an applied stress ranging 

from 140 to 200 MPa with a step of 20 MPa. Creep test under an applied stress of 140 MPa is in progress 

now. To estimate the effect of Re on the short-term creep properties, the comparison of creep rupture time of 
the Re-containing steel studied with the 10 % Cr Re-free steel [17] was represented in Table 2.  

Table 2 Creep rupture time (h) for the 10Cr-3Co-3W-0.2Re and 10 % Cr Re-free steels [17] tempered at  

             770 °C  

Applied stress 200 MPa 180 MPa 160 MPa 140 MPa 

10Cr-3Co-3W-0.2Re 8 84 440 >2700 (in progress) 

10 % Cr Re-free steel [17] - 18 211 1425 

The steel studied demonstrated improved creep properties in comparison with the 10 % Cr Re-free steel [17]. 

Times to rupture of steel studied are approximately 4.6 and 2 times higher than those for the Re-free steel at 

180 and 160 MPa, respectively [17]. 

4. CONCLUSION 

The effect of heat treatment on the microstructure and mechanical properties of a 10 wt. % Cr-3Co-3W-0.2Re 

martensitic steel was investigated. An increase in the tempering temperature from 750 to 800 °C leads to a 

gradual transformation of tempered martensitic lath structure with an average transverse dimension of 

martensitic laths of 280 nm to a subgrain structure with an average subgrain size of 580 nm, wherein the 

dislocation density insignificantly decreases. Size of Cr-rich M23C6 carbides, Nb-rich MX carbonitrides and W-

rich M6C carbides increase with increasing the tempering temperature. An increasing in tempering temperature 

from 750 to 800 °C results in the decrease in strength characteristics (YS and UTS) and hardness but does 

not affect impact toughness of the steel studied. 770 °C-tempering provides the structure and mechanical 
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properties that satisfies the requirements for boiler steels for power units. Alloying by Re improves the short-

term creep properties of the 9-10 %Cr martensitic steels.  
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Abstract 

The subject of the paper is finding optimal setting of the laser power for the utility properties of the surface 

roughness parameter in the Additive technology by SLM method for differently large overhangs. The 

overhangs created on the sides, which are not supported by a supporting structure and are not designed in 

any way for printing by Additive technology. The samples were printed from stainless steel 316L (1.4404) 

under constant building parameters with change only of laser power. In total three laser power sizes were 

tested on differently large overhangs. The surface roughness parameters were measured and evaluated on 

the lower side of the overhang. The quality of the surface roughness parameter shows the suitability of 

overhangs in cases where it is not possible to add supporting construction. In conclusion, the most appropriate 

laser power was determined in relation to the size of the overhang and its surface roughness parameter. 

Keywords: Laser power, SLM, overhang, angles, stainless steel 

1.  INTRODUCTION 

Selective laser melting is a additive manufacturing process based on a layer-by-layer principle, that allows you 

to create relatively complex three-dimensional shapes from powder metal without the use of any tools. Due to 

the high energy density of the laser, materials such as nickel alloys, aluminum alloys, titanium, steel and cobalt-

chromium alloys can be successfully printed. According to the Wohlers research [1], SLM technology, thanks 

to flexible input material, has a great potential for producing advanced cellular lattice structures, lightweight 

components and cooling channels. These products are widely used in the aviation, automotive and healthcare 

industries where they represent the future. Current conventional modeling methods will no longer restrict 

designers and thus opens up the possibility to freely think about component design. With the right choice of 

printing parameters, selective laser melting can be achieved components with the same or even better 

mechanical properties than conventional parts [2]. 

Selecting print parameters does not only affect the internal structure of the part but also its surface. One of the 

disadvantages of the SLM process lies in the need to create supporting structures that are necessary in 

creating overhangs larger than 45° and bridges. These constructions have the task of supporting the structure 

and thus preventing warping or collapse of the structure, which is often the case in the construction of internal 

channels. The second function is to conduct the heat produced by melting the laser into the substrate. Creating 

supports is negatively reflected in the production time and application of post-processing, as Calignano [3] 

states, minimizing the amount of support improves the efficiency of the process. In some cases, the volume of 

support material may be greater than the volume of the component itself. One way to eliminate the amount of 

support is to effectively orient the part in the building chamber in such a way that the overhang angle during 

the construction is in the horizontal position. Another option is to use the algorithm proposed by Allen and 

Dutta [4], where a candidate list is first created, which contains certain criteria according to which the optimal 

orientation on the substrate is chosen. 
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2.  OVERHANGING 

The Vandenbroucke and Kruth study [5] shows that the overhang is characterized by a surface roughness 

several times higher than that of other surfaces created in the SLM process. Yadroitsev et al. [6] defined three 

major problems that arise when creating an overhang. This is a Stairway Effect, Warp and Dross Formation. 

2.1.  Fabrication defects 

The Stairway Effect is a known issue of 3D printing from the very beginning when additive methods based on 

layer-by-layer were born. This effect is formed from the individual laying of layers on top of each other, always 

with a certain length over the previous layer, that is, when forming overhangs. Determining the length of the 

portion that will be larger for the previous layer is the task of the slicer software, but this relation can be defined 

and calculated according to the formula determined by Hongyu et al. [7] 

.f � �OPQ�J�            (1) 

Where: 

 L0 - length of overhang (µm) 

 h - layer height (µm) 

 γ - angle of overhang (°) 

As can be seen from the formula (1), it is the dependence of the height of the layer height on the angle of 

magnitude between the horizontal plane and the tangent line to the given surface. It can be seen from the 
formula that by reducing the size of the layer h, the size of the overhanging portion Lo is reduced, however, 

the smaller the layer value, the longer the production time, it is also apparent that the same reduction effect 
also has the effect of increasing the slope angle γ. Unfortunately, the staircase effect cannot be completely 

eliminated, it can only be reduced. The graphical diagram of the parameters that determine the stairway effect 
is shown in Figure 1. 

 

Figure 1 Staircase Effect, Warp, Dross Formation 

Warping is a defect that has not yet been eliminated in the SLM process. The emergence of warp (Figure 1, 

middle) can be caused in two ways. The first reason for the occurrence is irreparable warp occurs at thermal 

stress due to rapid metal solidification, where the thermal stress exceeds the strength of the material and 

plastic deformation occurs. This phenomenon occurs on the upper layer, which lies below the powder metal 
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and according to Zhao et al. [8], a bending angle towards the laser beam is produced, Zhao finds that thermal 

residual stress is centered on both edges of the scan path, and low scanning speeds can lead to high cooling 

rates, resulting in greater thermal residual stress. Zhang et al. [9] recommends that the substrate preheat 

temperature be adjusted and remelted to reduce it. Another option is to change the laser scanning strategy. 

The second reason for the emergence of warping when a part of the curl begins to overhang is the lack of 

support that does not support the previous layers. 

Dross formation is considered the worst and most unpredictable defect that can occur in the SLM process. 

This defect results in increased of surface roughness and change in overhang geometry. Clijsters et al. [10] 

developed an in-situ quality control method for the laser and powder process interaction, which can monitor in 

real time the high-speed camera to create dross formation directly in the pool melt. However, it is difficult to 

understand the underlying mechanism of creating a dross defect in the overhang. Kovalev and Gurin [11] not 

only developed a threedimensional multivortex model for simulating two-phase thermohydrodynamic flow in a 

laser induced melt of a metal substrate but also found that melt fluid flow plays a significant role in the 

mechanisms of heat and mass redistribution. Dross formation occurs when the laser scans the already formed 

layer and the thermal conduction speed is too high, unlike when the laser scans the powder layer and the 

thermal conduction speed is much lower than the fixed layer. This often happens when an overhang is formed 

when the absorbed energy is higher and it results in the melt pool being enlarged and due to the action of 
gravitational and capillary forces it falls deeper into the powder see Figure 1 on the right. 

3.  EXPERIMENTAL SETUP 

For experimental testing, samples with overhangs with different angle angles were created. The purpose of 

the experiment was to determine and measure the surface roughness of these overhangs that were printed 

with different laser power usage. The printing was done on the Renishaw AM400, which has an additive SLM. 

The research was conducted on stainless steel 316L (1.4404) under constant construction parameters. All 
samples were produced in one building. The shape and location of the samples is shown in Figure 2. The 

powdered metal used has already been sieve several times, so it is necessary to take into account that the 

resulting roughness of the surface can also be affected by this fact. For the most accurate results, it would be 

necessary to use virgin powder, given the financial difficulty this is not possible and would not have a great 

benefit for the practice. Only down-face surface was measured. Altogether 25°, 35° and 45° angles were 

selected for testing assuming that the last angle of inclination will have the best roughness parameter values. 

 

Figure 2 Layout of samples on the print plate 
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Table 1 Measured values 
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7 56 299 47 196 8 47 256 37 148 9 28 175 28 108 

4.  RESULTS 

Table 1 summarizes all results. Visual inspection revealed the negative effect of warp on the upper surface of 

samples 1, 4 and 7, ie samples with the smallest angle of inclination and the largest length of the overhanging 
surface. For other samples, warp did not appear. The stairway effect, due to the low layer thickness (h = 50 

μm), was not visually observed. Dross formation, on the other hand, according to theory, manifested itself in 

all samples and influenced surface roughness. Roughness measurements were carried out on the Alicona 
device and the 2D parameters were measured: Ra - mean arithmetic profile deviation, Rz - largest profile height 

and 3D parameters: Sa - mean arithmetic height, Sv - maximum depth of recess. The 3D surface parameters 

are defined by the standard ČSN EN ISO 25178-2 and allow quantitative assessment of the surface in all 
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technically important directions, not only in the selected direction of the imaginary section through the surface, 

as is the case with the profile evaluation. Thanks to the profile rating, you can also specify the amount, layout 

and height of the individual points of contact between the two surfaces. Thus, the general texture and overall 

shape of the surface can be determined in the area evaluation. The basic advantage of 3D parameters is to 

reduce the number of basic parameter sets that have analogy in profile parameters. Instead of three sets of 

parameters for the unfiltered profile, roughness profile and waviness, the area is evaluated by one parameter 
for a given scale-scaled surface. E.g. three parameters (Ra, Pa, Wa) are used in the profile evaluation for the 

mean arithmetic deviation, while only the Sa parameter is used in the peer evaluation. The S-filter (Gauss filter, 

which removes very short spatial wavelength elements from the surface) was applied to the samples, and the 

so-called primary surface was measured. 

Measurements brought interesting results. When observing a 25 ° angle of inclination, the roughness of the 

surface, as predicted, shows the worst of both the profile measurement and the area measurement. The 

performance of the laser has been positively influenced by the rule, the higher the performance, the better the 

surface, most likely due to the amount of energy needed to create a surface where the powder can better melt 

and create a smoother surface despite dross formation. Observing a 35° angle of inclination showed that the 

influence of laser power does not play a major role, and both profile and area parameters are still constant at 

different outputs. The most recent 45° angle projection has shown that for laser overlaying it is appropriate to 

set the laser output to 100 W where the best results and the worst roughness parameters have been achieved 

at 200 W laser power.  

5. CONCLUSION 

At present, it is a burning problem of additive metal production of overhanging, when the surface roughness is 

noticeably higher at an angle of less than 45°, and the geometric accuracy beyond tolerance. If the overhang 

has to be inevitably created, it is possible to construct the supporting structure under the overhang, but it 

means longer time for removal, and in post-processing it is another used powder, which can be reflected in 

the total cost of the component. The aim of the experiment was to determine the effect of laser performance 

on the utility properties of the surface roughness parameter of the overhangs without the use of a supporting 

structure, and this was done. Printing took place under standard conditions to build a SLM process only with 

a change in laser performance. In total, 9 samples were designed for measurement. 

The following conclusions can be drawn from the tests performed on the Renishaw AM400: 

1) Visual inspection of the upper surface of components showed that for samples with a 25° angle of 

inclination, warp is formed irrespective of the laser power used 

2) Viewed all the sloping surfaces created look similar and the differences showed up when viewed under 

a microscope 

3) Generally, assuming a 45° angle of inclination, it has the best values of both area and profiled roughness 

irrespective of the laser power used 

4) The 200 W laser power has negatively influenced all angle inclinations, so it is not recommended to use 

the skew to create overhangs where it is important to have the smallest roughness parameter 

The results obtained can help in designing the process parameters of the components where the overhangs 

have an angle of inclination of less than 45°. Some partial conclusions have been drawn from which instruction 

follows. For further investigation, it is proposed to extend the range of angular inclinations tested and perform 

multiple repetitions. 
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Abstract  

The objective of this research is to investigate the effect of extension rate on tensile properties of AISI 4140 

steel. The steel was supplied by local vendor in Thailand and its use for some military product. The primary 

material testing was needed to be done in order to obtain mechanical properties. The extension rate testing 

was performed on tensile testing machine ranged from 300 to 500 min / min. The results were shown that 

when higher extension rate was applied, the tensile stress of 4140 steel was increased. In contrast with 

elongation, the trend was decreased according to extension rate advancement. Moreover, extension rate is 

not affect to deformation mode of 4140 because ductile failure remains in the same as quasi-static tensile test.    

Keywords: Heat treatment, AISI 4140, extension rate, tensile properties 

1. INTRODUCTION 

Tensile properties of 4140 alloy steel improved mechanically by appropriate condition of strain or extension 

rate investigated by tensile testing method. This kind of steel was widely used for mechanical parts building 

and in military application because its good in mechanical properties and availability. 

The effect of strain rate on tensile properties of carbon steel and aluminum is a topic to be discussed for some 

researchers. The properties such as tensile stress, yield stress, hardness, strain-hardening exponent etc. were 

the key response to be considered when strain rate was changed from quasi-static condition. Generally, 

advancement of strain rate can improve mechanical properties of material. The austenitic steel will be 

hardened because of dynamic deformation and at that time, microstructural transformation from annealing 

twining to mechanical twining was simultaneouly existed in austenite phase regardless of strain rate level [1]. 

For structural steel, the effect of extention rate or strain rate is very strong to improved tensile properties 

especially lower and upper yield strength were increased when, higher strain rate was applied. Grain size 

(according to Hall-Petch relationship) coupled with grain boundary strengthening mechanism (dislocation piles 

up and difficult to move) and free path dislocation movement principles are the reason to explain lower and 

upper yield strength improvement [2]. For strain-hardening exponent (n), it is also enhanced corresponding to 

elevated strain rate [3]. The failure analysis after dynamic tensile testing was performed in order to investigate 

type of fracture when strain rate was increased. Ductile fracture is usually found because of dimples detection 

by Scanning Electron Microscope [1-3]. At higher strain rate, cleavage fracture and larger of dimples were 

sometimes observed. The effect of strain rate on tensile mechanical properties is still important at present time 

leading to collect novel knowledge of dynamic properties of interested materials.    

The objective of this research is to investigate tensile properties and fracture surface by varying rate of 

extension of 4140 alloy steel. 

2. EXPERIMENTAL PROCEDURE 

Material in this investigation was AISI 4140 alloy steel which supplied by local vendor in Thailand and in form 

of extruded rod was selected. The as-received rod diameter was approximated to 25.4 mm. However, the 

specimen could not track any precise information about manufacturing history so, quasi-static tensile testing 

was needed to obtain an initial information. The tensile specimen for quasi-static purpose was prepared 
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according to DIN 50125:2009 standard and shown in Figure 1. Additionally, the dimension of elevated 

extension rate testing specimen is depicted in Figure 2 which is shorter gauge length and larger gripped ends.  

 

Figure 1 Schematic representation of quasi-static tensile testing for AISI 4140 steel (Dimension in mm.)  

 

(a)                                                                              (b) 

Figure 2 (a) Schematic representation of elevated extension rate of tensile testing for AISI 4140 steel (b) 

Actual elevated extension testing specimen (Dimension in mm.) 

Tensile testing performs in order to study tensile properties of hardened 4140 steel varying extension rates. 

The universal tensile testing machine used in this experiment is TesT GMBH model 112.100 kN.H with  

100 kN maximum capacity. The gripper can be mounted with plate and rod shape specimen. Additionally, 

pulling rates range from 300, 400, and 500 millimeter per minute with two columns supporting crosshead can 

be performed. The specimens will grip on tensile testing machine and pull at ambient temperature until fracture 
occurs as shown in Figure 3. After testing, the mechanical properties were calculated according to their tensile 

specimen dimensions and stress-strain curves. Moreover, the data from the quasi-static tensile test 

temperature were used to calculate the true stress and strain which were more meaningful than the 

engineering stress and strain for plastic deformation analysis. The true stress and true strain were calculated 

using formula as in equation (1) and (2). It was noticed that true stress and engineering stress relationship 

(equation (1)) is not applicable when the occurrence of necking is reached [4]. 

Õ � 9�1 + ��                                                                                                                                                    (1) 

É �  Ç �1 + ��                                                                                                                                                   (2) 

Where:  

Õ - The true stress (MPa) É - The true strain  

P - The engineering stress (MPa) � - The engineering strain 

High Resolution Optical Microscope (Olympus Model DSX510) is basically used for fracture surface 

investigation after mechanical testing succeeded with special feature to capture topology of the fracture 

surface. The fracture image result of dynamic tensile testing will be captured, observed and classified into 

ductile, brittle, or mixed mode fracture. 
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Figure 3 Mounting of tensile specimen with gripper before testing operates 

3. RESULTS AND DISCUSSION 

3.1. Tensile properties of normal extension rate (Quasi-static) 

In quasi-static mode of tensile testing, the extension rate was set up to slow level at 2 mm / min. The 
engineering stress-strain curve of 4140 steel was shown in Figure 4. The mechanical properties of 4140 steel 

were approximated from such curve and concluded on Table 1. 

 

Figure 4 Engineering stress-strain curve of 4140 steel 

Table 1 Mechanical properties of 4140 steel in quasi-static mode 

Yield strength (MPa) Tensile strength (MPa) Elongation (%) 

844.58 998.90 48.74 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

823 

3.2. Tensile properties of elevated extension rate 

In elevated extension mode, the extension rates were set up at 300, 400, and 500 mm / min. The result of 
tensile testing was compared among extension rates and summarized on Table 2. The highest tensile stress 

of 4140 steel was achieved with 500 mm/min extension rate and the lowest elongation was also obtained. The 
flow curve of each extension rate was shown in Figure 5.  

Table 2 Mechanical properties of 4140 steel with varying extension rate 

Extension rate (mm / min) Ultimate tensile stress (MPa) Strain at break (%) 

300 976.33 49.98 

400 981.27 48.81 

500 988.90 47.13 

 

(a)                                                                                              (b) 

Figure 5 Comparative engineering stress-strain curve of 4140 steel varying extension rate  

(a) Overall flow curve (b) Extended at high tensile stress area (≥ 600 MPa) 

3.3. Fractography  

Fracture surfcace of three specimens was observed by OM and depicted in Figure 6. They were obviously 

shown ductile fracture occurance in all three specimens so that the extension rate (not more than 500 mm/min) 

is not affected to fracture mode of 4140 steel. The cup-and-cone manner of fracture surface was also observed 

in all specimen as well. 

 

Figure 6 Comparative fracture surface of three different extension rates of 4140 steel  
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4. CONCLUSION 

The effect of extension rate on hardened 4140 steel was investigated and concluded as followed; 

1) The quasi-static test of as-received 4140 specimen was performed initially and found tensile strength, 

yield strength, and elongation was 998.90 MPa, 844.98 MPa, and 48.74 % respectively. 

2) The tensile stress was raised with higher extension rate. The highest stress was 988.90 MPa at 500 

mm/min extension rate. In contrast with lowest extension rate, the stress caused by dynamic tensile test 

was 976.33 MPa. 

3) The fracture surface of all three different kinds of extension rate was identity to ductile fracture mode. 

The cup-and-cone manner was also observed.  

ACKNOWLEDGEMENTS   

This research was partially supported by Defence Technology Institute (Public organization), Ministry 
of Defence, THAILAND. I would like to thank our colleagues from metallurgical and materials 
engineering research laboratory who provided insight and expertise that greatly assisted the 

research. 

REFERENCES 

[1] JABLONSKA, M.B., SMIGLEWICZ, A., NIEWIELSKI, G. The effect of strain rate on the mechanical properties and 
microsctructure of the high-Mn steel after dynamic deformation tets. Archives of Metallurgy and Meterials, 2015, 

vol. 60, pp. 576-580. 

[2] NGUYEN, N. V., PHAM, T.H., KIM, S.E. Characterization of strain rate effetcs on the plastic properties of structural 
steel using nanoidentation. Construction and building materials. 2018. vol. 163, pp. 305-314. 

[3] KHALIFEH, A. R., BANARAKI, A. D., MANESH, H. D., BANARAKI, M.D. Investigating of the tensile mechanical 
properties of structural steels at high strain rates. Material Science and Engineering A, 2018, vol. 712, pp. 232-239. 

[4] WOEI-SHYAN, L., TZAY-TIAN, S. Mechanical properties and microstructure features of AISI 4340 high-strength 
alloy steel under quenched and tempered conditions. Journal of Materials Processing Technology, 1999, vol. 87, 

pp. 198-206. 
  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

825 

CHARACTERISATION OF CRACK INITIATION AND GROWTH IN AUSTENITIC 1.4970 STEEL 
IN PbBi  

Lucia ROZUMOVÁ, Anna HOJNÁ, Fosca DI GABRIELE, Michal CHOCHOLOUŠEK,  
Zbyněk ŠPIRIT  

1Centrum Vyzkumu Rez s.r.o., Husinec-Rez, Czech Republic, EU, lucia.rozumova@cvrez.cz 

Abstract  

The development of Generation IV nuclear reactors and accelerator driven systems (ADS) is supporting a wide 

range of work on the compatibility of stainless steels with heavy liquid metals (HLM). 

The austenitic steel DIN 1.4970 (also known as 15-15Ti) is being qualified for use in heavy liquid metals 

because of its lack of sensitivity to Liquid Metal Embrittlement. The aim of this study is to look into cracking 

modes and their main characteristics in order to reach a clear idea of mechanisms.  

Flat tensile, tapered specimens were loaded in PbBi at 300 °C with low oxygen content and, for comparison in 

air, up to the Ultimate Tensile Stress, UTS, point and rupture. The specimens had one ground and one polished 

surface, to highlight also the effect of the surface finish. 

The behaviour of the steel was not notably affected by the environment, when compared to testing in air. In 

both cases, the cracking mode was mainly ductile and affected only by the presence of large precipitates in 

the steel matrix. 

Post-tests examinations were carried out with SEM and EBSD. The role of microstructure towards crack 

initiation and propagation is here described. 

The 1.4970 steel, in this experimental conditions, was not affected by the environment, as small plastic cracks 

were observed around the Ti-rich precipitates in both air and PbBi. 

Keywords: Crack initiation, austenitic steel, lead-bismuth eutectic, metallography 

1. INTRODUCTION  

In the nuclear field, austenitic stainless steels are among the main candidates for components of fast reactors. 

Austenitic stainless steels have long been a favoured choice for fast reactor cladding material due to good 

creep resistance, resistance to irradiation-induced void swelling, high-temperature mechanical strength and 

ductility, and established fabrication technology [1,2]. For these reasons, type 15-15Ti material which is a Ti-

stabilized austenitic stainless-steel alloy, is one of most suitable for nuclear industry. 

15-15Ti has a specifically tailored composition, especially regarding the carbon and titanium content [1]. When 

Ti is added to the steel as stabilizer, it forms fine TiC precipitates and thus effectively binds the free carbon. 

The absence of dissolved carbon eliminates the formation of chromium carbides and hence reduces the 

corrosion sensitization of grain boundaries. Under appropriate annealing conditions, fine, nm-sized TiC 

precipitates form which act as defect recombination centers during irradiation [3,4,5]. Ti-modified austenitic 

stainless steels are often cold-worked to increase their mechanical properties. Therefore, the cold-worked 

steels have higher crack growth resistance at high stress intensity levels compared to solution-annealed 

stainless steel. The cold-working promotes the precipitation of carbides which are liable to precipitate on slip 

planes produced by pre-strain and creep strain [6,7]. 

For its properties, 15-15Ti is one of the best candidates for high temperature components of nuclear reactor 

of IV generation Lead-cooled fast reactor [8,9]. The main problem in Lead-cooled fast reactor development is 
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the compatibility of the structural materials (steels) with the coolant as well as the corrosion of structural 

components. When steel comes in contact with liquid metal and is simultaneously under loading conditions, 

Liquid Metal Embrittlement (LME) could occur. LME is 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. LME is usually most severe just above the melting point of the liquid 

metal and it disappears with increasing temperature [10]. Although there is a great interest on these steel 

properties, only few data on their characterization can be found in the literature. 

The aim of this work is the study of the 15-15Ti stainless steels crack properties both in air and in PbBi. For 

this purpose, the crack behaviour was investigated at 300 °C, with low oxygen content and, for comparison in 

air, up to the Ultimate Tensile Stress point and rupture, following by a microstructural examination in order to 

characterise crack initiation and propagation. 

2. EXPERIMENTAL 

Material of Austenitic steel 1.4970 (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 the thin wall cladding tubes production. The supplied bar underwent 

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. 

Figure 1 Tapered Specimen: dimensions and general appearance 

Specimens. Flat tapered specimens (Figure 1) were fabricated by electrical discharged machining (EDM). 

One of the two large parallel surfaces was ground to 500-grid finish and the other was polished to 1µm finish 

before testing.  

Experimental procedure. The tapered specimens were 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 concepts, where the first container is for the preparation of the liquid metal (oxygen dosing). The 

liquid is then transferred to the second tank, containing holders and specimens. In this work we report the main 

observations for 2 specimens, one loaded in LBE and one in air for reference, both at 300C. The oxygen 

content in LBE was measured during the experiments, with oxygen sensors (ref. Bi/Bi2O3). 

After testing, specimens were analysed in a SEM LYRA3 GMU on the surface and cross section. Moreover, a 

SEM MYRA3 GMU was used for the EBSD analyses. 
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3. RESULTS 

Stress-displacement. This test was performed with specimen up to the maximum load in air (I3) and with 

specimen up to rupture (I7). Figure 2 shows the stress-displacement curves at the minimum cross section of 

the tapered specimens in the two environments. Yielding and maximum stresses have very similar values in 

air and PbBi. The oscillations indicate to dynamic strain ageing effect occurring in the steel at the temperature 

and the strain rate. This graph shows that the environment did not have any effect on the mechanical properties 

of the material. 

  

Figure 2 Stress-displacement graph of 15-15Ti specimen in air and PbBi exposures 

Microscopy. Observation of specimen surfaces after exposure highlighted the presence of very small cracks 

(max 5µm long) and marks along slip planes, as a result of the plastic deformation. All these features had a 

ductile appearance and in both specimens cracks had similar characteristics. 

Observation of the ground (Figures 3 a,b) and polished (Figure 3 c) specimen showed presence of cracks 

around the Ti-rich precipitates. The polished surface of the specimen showed similar features (Figure 3 c), 

however, the cracks were crossing the Ti-rich precipitates and not the steel matrix. 

   

Figure 3 Surface observation of ground (a,b) and polished (c) 15-15Ti specimen after air exposure 

    

Figure 4 Surface observation of ground (a,b) and polished (c,d)15-15Ti specimen after PbBi exposure 
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Similar to the specimen exposed in air, the cracks were observed to be surrounding the precipitates of ground 
specimen (Figures 4 a,b) and going through the precipitates in the polished side (Figures 4 c,d). The clusters 

of dense shallow cracks (Figure 4c) in the neck of ground specimen are not observed after air exposure. 

Cracks of ground specimen were apparently bigger and opened in comparison with polished side of specimen. 

Polished side did not show many opened cracks.  

For the specimen exposed in LBE, a study of the cross-section was also carried out, in order to characterize 
the cracks (Figure 5). Cross-section showed small cracks, not deep into the steel. Wherever Ti-rich 

precipitates were observed (Figures 5 c and d) it was evident that their fracture did not extend to the steel 

matrix. 

    

Figure 5 Cross-section observation of ground (a,b) and polished (c,d)15-15Ti specimen after PbBi exposure 

Moreover, the EBSD technique was used to underline the grain orientation around the cracks. Since the 

material is very deformed, the grain boundaries are not well visible and the whole material is oriented primarily 

in the direction of stress.  

  

 

Figure 6 EBSD pattern of 15-15Ti specimen after PbBi exposure, from the ground edge 

a) b) c) d) 
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4. DISCUSSION 

In this work, the austenitic steel 15-15Ti was mechanically loaded, in LBE and air for comparison, up to the 

UTS at 300 °C. The stress-deformation curves highlighted that there is no effect of the environment on the 

mechanical properties of the steel. This effect is very different from the reduction of plastid displacement 

observed for instance for the ferritic-martensitic steel T91, which is known to be susceptible to LME [11-12]. 

The main differences observed where not related to the testing environment, but to the surface finish of the 

specimens. In particular, no cracks were observed on the polished surfaces in the steel matrix. However, the 

large Ti-rich precipitates were broken and did not affect the surrounding matrix. 

On the other hand, on the ground surfaces, the shallow ductile cracks were more developed around the Ti-

rich precipitates, indicating any rough grinding effect. It is proposed that the effect of the grinding is to create 

a localised condition (refined grain size, strain, tensile residual stress), which has a mechanical resistance 

different (cracking earlier) than the undisturbed (polished) system. 

However, in general the cross-sections confirmed that cracks are shallow and have a ductile character. 

Moreover, the cracks through the Ti-rich precipitates were limited to the precipitates and did not affect the 

surrounding matrix.  

There was no evidence of LME for this steel in these experimental conditions. 

5. CONCLUSION 

• No effect of the environment (air vs LBE). 

• Cracks have the same characteristics in air and LBE, but slightly differ from ground to polished surface. 

• Cross-section highlighted that cracks are very shallow. 

• Crack initiation does not imply a cleavage-like growth. All cracks have a ductile character. 
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Abstract 

Steel MLX 17 (X1CrNiMoAlTi 12-11-2) belongs to a family of martensitic precipitation-hardening steels for use 

in demanding applications in aviation and offshore oil and gas industry. The unique combination of high 

strength, toughness, fatigue strength and corrosion resistance is obtained in this steel based on 11 % Ni, 12 % 

Cr and precipitation hardened by Mo, Al and Ti after ageing of low carbon martensite above 500 °C. Due to its 
chromium content the steel MLX 17 is a material threatened by embrittlement at 475 °C induced by 

decomposition of the microstructure into two arranged solid solutions α+α´ and/or embrittlement caused by 

precipitation of chromium-rich brittle σ-phase. Although this steel is not typically exploited at higher 

temperatures, it is interesting to know the effect of long-term ageing on the material properties, microstructure 
and substructure. Therefore, the ageing at 475 °C for 1,000, 2,000 and 3,000 hours was performed and 

material properties, microstructure and substructure were evaluated. Analysis of substructure confirmed the 

additional precipitation of Lave phase, the main source of precipitation hardening in MLX 17 steel, as well as 

the decomposition of the solid solution α into the chromium-rich particles of nanometric size. Ageing at 475 °C 

was also accompanied by increasing of the reverse austenite content, which overcame the possible effect of 

the additional precipitation hardening of martensite. 

Keywords: MLX 17, reverse austenite, mechanical properties, substructure, 475 °C embrittlement, long- 

        term ageing 

1. INTRODUCTION 

Steel MLX 17 (X1CrNiMoAlTi12-11-2) is a representative of martensitic precipitation-hardening steels for use 

in demanding applications, namely aerospace industry, marine and defence, offshore oil and gas industry [1]. 
The unique combination of high strength, toughness, fatigue strength and corrosion resistance is obtained in 

this steel with balanced chemical composition (11 % Ni and 12 % Cr) and precipitation hardened by Mo, Ti 

and Al after ageing of low carbon martensite above 500 °C. Excellent corrosion resistance altogether with high 

tensile strength 1700 MPa and high fracture toughness predetermines this steel for the extremely demanding 

operating conditions such as components of landing gears, actuators, flaps, rod ends, medical devices. On 

the other hand, it belongs to the group of high chromium steels that are susceptible to embrittlement at elevated 

temperatures induced by either decomposition of the microstructure into two arranged solid solutions 

α+α´(475 °C embrittlement) or by precipitation of brittle chromium-rich σ-phase. Martensitic precipitation-

hardening steels belong among materials having chromium content close to the minimum concentration for 

such an embrittlement, and there is no information about the effect of long-term exposure at elevated 

temperatures on the possibility of its evolution in the literature. The aim of the presented work is 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 evolution. 
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2. PROPERTIES OD STEEL MLX 17 

MLX 17 is a trademark of Aubert & Duval and represents high strength steel belonging to the family of MLX 

steel grades with graduated strength levels from 1000 to 1900 MPa. The principal criteria that have been taken 

into account during the development of this steel grade were [1, 2]: 

• nominal tensile strength from 1,700 MPa with Mo, Al and Ti used for precipitation hardening, 

• high ductility, fracture toughness and stress corrosion resistance based on optimum Ni content, 

• possibility of forging of very large parts with refining grain size during heat treatment at low solutionning 
temperature. 

The steel MLX 17 and the others are based on 11 % Ni and 12 % Cr and is also alloyed with Mo, Al and Ti. In 

steels containing also copper and especially molybdenum it is expected that at least 11% chromium is 

necessary to provide good corrosion resistance, on the other hand, higher amount should be restricted due to 

its strong ferrite stabilizing effect. Nickel is required to provide an austenitic structure at the annealing 

temperature and also forms the hardening particles together with aluminium and titanium. Molybdenum 

provides a material resistance to stress corrosion cracking and also strongly increases tempering response 

and final strength without reducing the ductility. 

Steel MLX 17 must undergo a special hardening treatment (age hardening) after quenching. Age hardening is 

performed at temperatures between 500 and 570 °C when the steel attains the final material properties. The 

steel is unique for its high metallurgical purity (it is typically produced by electroslag remelting) and for a 

balanced strength and toughness, excellent fatigue resistance and good resistance to corrosion and stress 

corrosion cracking. It also exhibits very good weldability, weldments are preferably made before age 

hardening, which gives the same material properties for the base material as well as all the welded joint. 

The nominal chemical composition of the MLX 17 steel is shown in Table 1; the mechanical properties after 

two hardening modes (at 510 °C and 535 °C) in Table 2. The strengthening mechanism during heat treatment 

of MLX steel is based on martensitic phase transformation, followed by a precipitation strengthening involved 

precipitation of very small Laves phase and possibly also Ni3(Ti,Al) particles. 

Table 1 Chemical composition of steel MLX 17, (mass %) [1] 

Cmax Mnmax Simax Pmax Smax Ni Cr Mo Al Ti 

0.02 0.25 0.25 - 0.010 10.25-11.25 11.0-12.5 1.75-2.25 1.35-1.75 0.20-0.50 

Table 2 Mechanical properties of steel MLX 17 [2] 

Hardening at 
Rp0.2 Rm A5 KV 

[MPa] [%] [J] 

510 °C 1610 1725 11 25 

535 °C 1500 1590 12 45 

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]. 
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Depending on the temperature and chemical composition, the 475 °C embrittlement takes place either by 

spinodal decomposition of the ferrite phase into two phases (i.e. α and α′) or by nucleation and growth of the 

ferrite phase i.e. α′ [5]. The two phases α and α′ are rich in iron and chromium respectively. Spinodal 

decomposition by which Cr-rich and Cr-depleted regions are formed is a process which does not involve the 

development of nuclei having the ferrite α′ composition but rather the gradual buildup of Cr-rich regions. 

Nucleation and growth of chromium rich ferrite phase i.e. α′ is another mechanism by which 475 °C 

embrittlement takes place and is typical for steel with composition.  

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. While the rate of 475°C embrittlement is 

increased by higher chromium and molybdenum contents, it decreases by increasing nickel concentration [6]. 

For example, 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 [7]. 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]. 

The development of 475 ºC embrittlement was suggested to be accompanied by an increase in the ductile to 

brittle fracture transition temperature and a reduction in corrosion resistance, probably due to chromium 

depletion of the matrix. Although these steels are primarily designed to work at temperatures up to about  

300 ° C, it cannot be excluded that, under certain conditions, this limit may be exceeded during exploitation. 

Therefore, the experimental program for the evaluation of the properties and structure of these steels was 

focused also on study of the effects of long-term ageing at 475 °C for 1000, 2000 and 3000 hours. 

 
Figure 1 Binary Fe-Cr diagram with miscibility gap and decomposition of solid solution α [3] 

4. EFFECT OF LONG-TERM ANNEALING ON PROPERTIES OF MLX 17 STEEL 

4.1. Experimental material 

Analysis was performed on the forged rod of Ø 140 mm made of MLX 17 steel. The rod was quenched into oil 

from 840 °C and further chilled at -80 °C and then age hardened at 532 °C for 8 hours. The chemical 
composition and mechanical properties of the steel are stated in Tables 3 and 4 together with transformation 

temperatures Ac1, Ac3 and Ms. 
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Table 3 Chemical composition of experimental material [wt. %] 

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

0.02 0.001 0.007 0.08 <0.01 11.05 11.70 2.06 1.52 0.36 0.009 0.012 0.032 

Table 4 Mechanical properties and transformation temperatures 

Rp0.2, [MPa] Rm, [MPa] A, [%] Z, [MPa] HV 30 KV, [J] Ac1, [°C] Ac3, [°C] Ms, [°C] 

1565 1616 10.8 58.7 502 17 586 746 136 

The microstructure of the steel was martensitic with about 5.5 wt. % of austenite and was relatively fine with 
the original austenitic grain size G = 10 (see Figure 2). The morphology of austenitic particles suggests that 

they were formed of reversed austenite transformed during age hardening due to local segregation and 

enrichment of nickel, which could significantly reduce the temperature Ac1. 

  

Figure 2 Microstructure of the steel MLX 17.  

Left - overall view, right - detail of microstructure 

By using EDX microanalysis and electron diffraction on the carbon extraction replicas and thin metal foils It 

was found that intensive precipitation of nanoparticles started in the martensite of the steel MLX 17 age 

hardened at 532 °C, namely: 

• TiX particles containing Mo, a high percentage of Mo indicates their precipitation during age hardening, 

• fine particles of intermetallic Laves phase of type Fe2M containing Mo, Cr and Fe, 

• fine carbide particles of Mo2C, 

• particles of complex phosphide of M2P type (only low frequency). 

4.2. Mechanical properties and microstructure of MLX 17 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 decreasing of yield strength (YS) and ultimate 

tensile strength (UTS) during ageing, but the total strength lowering after 3,000 hour´s exposure was only 8 % 

(YS) and 6 % (UTS). On the other hand, plasticity (elongation as well as reduction of area) increased. Impact 

energy KV dropped down in the first 1,000 hours and then slowly increased again after 2,000 hours did not 

attain the original value. 
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Figure 3 Change of proof stress, tensile strength, elongation, reduction of area and impact energy (KV) 

of the steel MLX 17 during ageing at 475 °C 

After ageing the amount of austenite more than doubled in comparison with the as-received state, which means 

that the reverse austenite was stabilized during ageing at 475 °C, regardless of the fact that the ageing 

temperature was significantly lower than the temperature Ac1. Phase maps with ferritic and austenitic phases 
detected by using EBSD technique is shown in Figure 4. 

  

Figure 4 Microstructure (left) and phase distribution map of reverse austenite (right - dark spots)  

after ageing at 475 °C for 3,000 hours 

EDX microanalysis of samples aged for 3,000 hours revealed the following phases in the steel MLX 17, see 
Figure 5: 

• TiX. Small particles contained, besides titanium, also a significant amount of molybdenum. 

• Fe2Mo Laves phase. The precipitation of Laves phase particles was very intensive and these particles 

were the main source of precipitation hardening in MLX 17 steel. However, the dimensional stability of 

the particles of this phase was not too high. After ageing 475 °C / 3,000 hours, the mean particle size 

ranges up to about 100 nm. 

• Cr rich phase, which can be considered as product of decomposition of α solid solution. Besides Cr 

were present in these particles also iron and molybdenum. The particle size was very small (about 

10 nm) and their amount was small, too. 
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Figure 5 Precipitation in the martensitic matrix of the steel MLX 17 after ageing at 475 °C / 3,000 h, 

extraction carbon replica (left), thin foil (right) 

5. CONCLUSIONS 

The analysis of material properties, microstructure and substructure of precipitation-hardening steel MLX 17 

revealed that 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. Pronounced decrease of impact strength after the first 

thousand hours was followed in longer times by small increasing. This phenomenon could be the result of 

additional precipitation of Laves phase as well as decomposition of the solid solution into the chromium-rich 

particles of manometric size. Furthermore, ageing at 475 °C also stabilizes the significant amount of the 

reverse austenite, which compensated the effect of the additional precipitation hardening in martensite. 
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Abstract 

Modern blocks of fossil fuel power plants designed for steam temperatures above 600 °C require advanced 

stainless steels in superheater or reheater systems. Great attention is paid to the exploitation of new steel 

grades with higher material properties. In the area of austenitic steels, the perspective grade is undoubtedly 

HR3C steel (X6CrNiNbN 25-20). In terms of the use of similar weld joints made of HR3C steel in fossil fuel 

power plants, detailed knowledge on creep resistance and microstructural stability of these weld joints is 

necessary. 

Similar weld joints made of HR3C steel tubes were manufactured using a combination of GTAW and SMAW 

welding technologies. Weld joints were studied in both the as-welded state (PW), and after post-weld heat 

treatment (PWHT) at 1230 °C for 15 minutes. The paper presents the results of creep rupture tests on cross-

weld samples tested at 650 and 700 °C. Metallographic analysis was performed on longitudinal sections of 

creep ruptured samples and microhardness HV 0.5 profiles over cross-weld samples were determined. The 

paper analyses the preferential rupture locations of the HR3C similar weld joints in dependence on the 

temperature of creep exposure and applied stress. 

Keywords: HR3C steel, similar weld joints, PWHT, creep resistance, cross-weld samples. 

1. INTRODUCTION 

The new grades of austenitic stainless steels HR3C, Super304H and TP347HFG, along with higher creep 

strengths, also exhibit increased resistance to high temperature oxidation than previous generations of 

austenitic steels [1]. They were developed from AISI310S, AISI304H and AISI347H steels [1, 2]. Due to their 

balanced chemical composition, these are fully austenitic steels, in some cases with a low fraction of δ-ferrite 

[3]. This generation of materials is deployed in fossil power plants in superheaters and reheaters as well as 

previous generations [1]. The main alloying elements are chromium and nickel. Chromium stabilize ferrite, also 

provides corrosion resistance from a minimum level of 13 wt. % [4, 5]. The maximum chromium content is not 

more than 25 wt. % [6]. Higher chromium contents accelerate the formation of coarse particles of intermetallic 

σ-phase (Fe-Cr). Over 22 wt. % Cr has not been shown to affect positively the surface oxide layer [3]. Nickel, 

manganese and nitrogen stabilize austenite [4]. Nitrogen, except for austenite stabilization, increases Rp0.2 

value. Low level of Rp0.2 is well known for austenitic steels [5]. According to [7], higher levels of Rp0.2 can 

also be achieved by additions of molybdenum and tungsten in austenitic steels [8]. A very important 

mechanism for increasing Rp0.2 is the precipitation of the thermodynamically stable intragranular phase. 

Precipitates must effectively hinder mobility of dislocations. Such a phase in austenitic steels is a N-rich Z-

phase [9]. For Super304H steel, 3 wt. % Cu was added, niobium and nitrogen increased. ε-Cu particles in the 

austenitic matrix grow as spherical precipitates, which can affect the distribution of σ-phase [6]. This allows 

increases the corrosion resistance and creep properties of this steel grade. The chemical constitution of the 

TP347HFG steel has not been changed compared to the previous generation. HR3C steel has a defined 

nitrogen content compared to the previous steel generation (AISI310S). Higher nitrogen content reduces the 

susceptibility of this steel to undesirable σ-phase formation. Furthermore, HR3C steel has been alloyed by 
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niobium and nitrogen. The fine grain structure of HR3C, Super304H and TP347HFG steels is supported by 

the stabilization effect of niobium. It is advantageous for the homogeneous growth of the oxide layer on the 

inside surface of the superheater tubes. Fine grains allow easier transport of chromium to the surface, which 

is depleted. Easy continuous chromium transport to the surface allows the formation of a continuous 

homogeneous oxide layer. For HR3C steel, based on 25Cr-20Ni, growth of austenitic grains is effectively 

prevented by increasing the nitrogen content. TP347HGF and Super304H steels, based on 18Cr-8Ni, achieve 

fine austenitic grains by a combination of low-temperature forming and heat treatment [3]. The Super304H 

steel was in many cases processed with the shot peening technology (SP) [10].  

The problem with characterization of real HR3C welds lies in the extremely narrow heat-affected zone (HAZ) 

[5, 7]. From this point of view, HAZ simulations can be very beneficial [5]. Therefore, it is necessary to carry 

out the complex check of the properties like creep resistance and microstructure evolution for both the base 

material and the weld joints [8, 11]. This paper deals with the influence of welding on HR3C material. The 

experimental similar welds were studied in both as-welded (PW) and post-weld heat treatment (PWHT) state. 

The preferential rupture locations of cross-weld samples were studied in dependence on the temperature of 

creep exposure and applied stress. 

2. EXPERIMENTAL PROCEDURES 

The evaluation of creep properties was carried out on cross-weld samples prepared from similar welds made 

of HR3C tubes with dimensions of ø38 x 6.3 mm. Weld joints were manufactured using automated orbital 

welding technology 141 (TIG, GTAW). Filler metal was a nickel-based alloy UTP A6170 Co (equivalent 

Thermanit 617). Cross-weld samples were cut from the similar welds in the as-welded state (PW) and also 

after post-weld heat treatment (PWHT) and were carried out at 1230 °C in 15 min in the water. Chemical 
composition of the steel investigated is shown in Table 1. 

Table 1 Chemical composition of the HR3C steel, wt. %  

C Mn Si P Cr Ni N Nb 

0.06 1.19 0.41 0.016 24.9 19.9 0.26 0.44 

Mechanical properties of HR3C steel tubes in the as-received state (AR), are summarised in Table 2, where 

RA represent creep rupture ductility. Long-term creep rupture tests with a constant tensile load were carried 

out in air at temperatures of 650 and 700 °C. The stress dependences of the time to rupture were described 

by the Seifert parametric equation (1) [12]: 

log�σ� � AD + A& ∙ P + A) ∙ P&   ;    P � T ∙ �log�tó� + Ad� ∙ 10�d                                                                                            �1�.
 

where σ  is the initial applied stress, T is the test temperature, tr is the time to rupture, A1 to A4 are constants 

and P is parameter. The equation (1) was applied for the calculation of the Rm/650°C/10
5
h and Rm/700°C/10

5
h values. 

The creep properties of the cross-weld samples made of similar HR3C welds are compared in Figures 1(a) 

and 1(b) with the creep characteristics of the base HR3C material a reference [2]. 

Table 2 Mechanical properties of HR3C tubes tested in the AR state 

Rp0.2 (MPa) Rp1 (MPa) Rm (MPa) RA (%) 

186 362 748 46 

Creep tests to rupture and microstructural investigations were conducted on cross-weld samples in two states: 

as-welded (PW) and after post-weld heat treatment (PWHT) and were investigated in order to understand the 

processes responsible for failure mechanism and creep behaviour. Creep parameters and rupture location are 
for experimental specimens summarized in Table 3. Investigations were carried out by means of optical 
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microscopy (LOM) and scanning electron microscopy (SEM) on longitudinal sections of creep ruptured 

samples. Longitudinal sections were prepared by electrical discharge machining. Microstructure for LOM 

investigations was revealed by etching in a V2A etchant. Coarsening of austenitic grains in HAZ was studied 

using SEM-EBSD after electrolytic polishing of samples. The size and distribution of austenitic grains in 

selected parts of welds were determined. Finally, microhardness HV 0.5 profiles on longitudinal sections of 

cross-weld specimens were evaluated. 

Table 3 Creep parameters and rupture locations of cross-weld specimens investigated 

Specimen  
State of 

weld 
Temperature 

(°C) 
Stress 
(MPa) 

Time to Rupture 
(h) 

RA (%) 
Rupture 
Location 

A1 PW 650 160 8968 51.1 BM 

A2 PW 650 120 22256 5.6 HAZ 

A3 PW 650 110 37672 1.6 HAZ 

B1 PW 700 75 16883 - HAZ 

C1 PWHT 700 140 1188 14.7 WM 

C2 PWHT 700 100 6958 - HAZ 

C3 PWHT 700 90 15712 - HAZ 

C4 PWHT 700 75 14531 13.4 BM 

3. RESULTS 

Results of long-term creep rupture tests at 650 and 700 °C are shown in Figures 1(a) and 1(b), respectively. 

Specimens selected for microstructural characterization are marked A1 to A3, B1 and C1 to C4. The red marks 

indicate specimens just before rupture. 

a)   b) 

Figure 1 Dependence of stress on time to rupture, (a) as-welded (PW) state, (b) post-weld heat treatment 

(PWHT) state 

The results of creep strength calculations for 105 hours at temperatures of 650 and 700 °C are shown in 
Table 4. The standardized creep strength values of the HR3C steel at 650 and 700 °C after 105 hours are 114 

and 66 MPa, respectively [2], which means that the long-term creep strength of the tested material is in the 

allowable limit ±20 % around the mean standardized value. What is very interesting is the fact that both the 
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base material and the weld joint tested after PWHT have at both temperatures practically the same calculated 
Rm/T/10

5
h values, Table 4. 

Table 4 Calculated long-term creep strength values (MPa) for 105 hours at 650 and 700 °C, according to (1)  

  for base material (BM) and cross-weld (CW) samples 

Location 
PW  PWHT  

650 °C 700 °C 650 °C 700 °C 

BM 102 58 102 60 

CW 84 43 101 60 

Creep rupture ductility (RA) values showed a pronounced decline with prolonging time to rupture at both 
temperatures investigated, Table 3 

         

Figure 2 Fracture line profiles in the HAZ, longitudinal sections, BSE images a) Specimen A3, PW state, b) 

Specimen C3, PWHT state 

Figures 2(a) and 2(b) show rupture locations in cross-weld specimens A3 and C3, respectively. In both 

samples failure occurred in the HAZ. In the sample A3 creep damage is also present in the weld metal - see 
the arrow in Figure 2(a). Creep damage in the sample C3 is present in the HAZ on both sides of the WM. It 

proved that creep damage could simultaneously develop in several parts of the cross-weld samples and the 

final failure occurred in the weakest location.  

 

Figure 3 IPF orientation map for ND direction showing coarsening of austenitic grains in the heat-affected 

zone of the weld, longitudinal section, Specimen A1 
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Table 3 summarises rupture locations. Creep rupture in most cross-weld samples investigated occurred in the 

HAZ. In some cases cross-weld samples failed either in the BM or in the WM. Figure 3 shows crystal 

orientation map for the specimen A1 in an area of the HAZ and the adjacent BM. Colour legend of the inverse 
pole is in Figure 3 in the top right corner. The average austenite grain size close to the fusion zone was 85 

µm, at the distance of 500 µm from the fusion zone it was 30 µm, and in the base material the average austenite 

grain size was about 7 µm. 

 

Figure 4 Microhardness HV 0.5 profile along longitudinal sections of creep ruptured specimens, a) 

Specimen A2, b) Specimen C4 

Microhardness can reflect the evolution of microstructure in materials. Microhardness was measured according 
to ASTM E384. Microhardness HV 0.5 profiles in the A2 and C4 specimens are shown in Figures 4(a)  
and 4(b), respectively. Microhardness of the BM in the specimen A2 has on both sides a rising tendency from 

the head towards the weld metal. In the Specimen C2 a slight decline of microhardness from the head toward 

the weld metal was observed. The rupture location is indicated by a red line.  

4. DISCUSION 

The curves in Figure 1 and results of creep rupture tests on cross-weld samples prove that creep properties 

of the HR3C similar weld after PWHT at 1230 °C are for both temperatures investigated better than those for 

the weld in the as-welded state. Performed creep rupture tests on cross-weld and base material of HR3C steel 

revealed that the extrapolated long-term creep strength of the weld joint was very close to that of the base 

material. Such behaviour was detected in austenitic creep resistant steel before in cases when overmatching 

(having higher mechanical and/or creep strength) weld metal was used. In these cases, the critical failure 

location moved in higher temperatures and longer times from HAZ into BM and weld joint did not longer 

represent the weakest part of structure [13]. 

Metallographic investigations on creep ruptured specimens in the as-welded state revealed a narrow HAZ 

defined by coarsened austenitic grains. One-step PHWT at 1230 °C resulted in more pronounced coarsening 

of austenitic grains in the HAZ. Coarse-grained structure is typically more prone to intergranular corrosion. 

Intergranular corrosion can significantly reduce the life of the material. 
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5. CONCLUSION 

Creep rupture tests on cross-weld samples of the HR3C similar weld revealed that the long-term creep strength 

of the weld joint was in the allowable limit ±20 % around the standardized value and the extrapolation of 

experimental results confirmed that with increasing temperature and time to rupture the both base material 

and weld joints have practically the same creep rupture strength. Creep rupture results obtained on cross-weld 

samples in the state after post-weld heat treatment at 1230 °C for 15 minutes were better than those obtained 

on cross-weld samples in the as-welded state.  

Metallographic analysis revealed coarsening of austenitic grains in the HAZ due to thermal cycle during 

welding. Coarsening of austenitic grains in the HAZ was more pronounced in samples after the post-weld heat 

treatment at 1230 °C. Creep failure in most cross-weld samples investigated occurred in the HAZ. Creep 

damage usually developed in several areas of cross-weld samples and the final failure occurred in the weakest 

location. 
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Abstract 

The paper concerns numerical modeling of single-side T-joint welding using the laser beam. The purpose of 

performed analysis is the determination of the temperature field in the welded joint, stress state and the 

estimation of welding deformation. Numerical analysis of laser welding phenomena is carried out in 

Abaqus/FEA software. The position of the beam in relation to the connected edges of the T-joint is selected in 

the developed three-dimensional discrete model to ensure full melting of the contact area of joined surfaces. 

The calculation model has been extended with additional subroutines that allow perform a full analysis of 

thermomechanical phenomena. The power distribution of a moving welding source is modeled in subroutines 

using mathematical formulas based on transformational equations for relative positioning of the heat source 

to the joined elements. Changing with temperature thermomechanical properties of welded elements made of 

austenitic steel are considered in the material module of Abaqus/CAE software. Temperature distribution in 

analyzed joint, stress state and welding deformations are determined on the basis of numerical simulations. 

The experimental research available in domestic and foreign literature is used to verify obtained simulation 

results. 

Keywords: Laser welding, Single-side T-joint, Numerical modelling, Abaqus/FEA software, movable welding  

       source  

1. INTRODUCTION 

One commonly used type of welded joints in the construction of large structures of welded connections are T-

joints. Classically performed using arc methods for fillet welds, in which it is necessary to use additional 

material during the welding process [1]. Such joints are characterized by a huge heat input entering the joint, 

which has a significant impact on its strength properties [2]. The application of modern welding technologies 

based on a laser beam into production process has significantly increased the implementation of T-joints. 

Laser technology allowed performing precision welds with at a very high welding speed, where joints do not 

require additional post processing [3, 4]. Concentrated heat source of the laser beam provides a narrow melting 

zone and a small heat affected zone, which affects the size of the resulting deformation of welded structures 

and in consequence the size of resulting deformation of welded construction [2, 5]. Laser methods allow 
making T-joints with various welding techniques (Figure 1), such as: classic joints with fillet welds with or 

without additional material (Figures 1a and 1b) [6], butt welded T-joint (Figure 1c) [5] and it is possible to 

make an I-core type weld where laser beam penetrates the faceplate, joining it with a core (Figure 1d) [7]. 

In the case of welded joints without additional material it is necessary to precisely assemble the joined elements 

(the gap between joined elements must be near zero). The gap between joined flat can lead to the formation 

of a concave weld face, which consequently is detrimental to the welded joint [8]. 

During the laser welding process in the welded joint there are coupled thermomechanical phenomena that 

occur over a wide temperature range and have a direct impact on the quality of the joint [2, 9]. Numerical 

modeling of laser welding process requires the adoption of mathematical models and numerical representation 

to the actual conditions of the welding process. Important element of numerical modeling is the adoption of 

appropriate mathematical model of the heat source power distribution and the process parameters.  
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Figure 1 Laser welded T-joint: a) with filler material,  

b) without filler material, c) butt welded joint, d) I-core T-joint 

The paper presents numerical modeling of single-sides welding of T-joint using a laser beam. The work 

involved the thermal and mechanical analysis of the T-joint consisting of two flat elements made of austenitic 

steel 304 (X5CrNi18-10). The calculations take into account thermomechanical properties of austenitic steel 

chancing with the temperature. Numerical calculations are carried out in the Abaqus FEA software. The 

program is extended with additional subroutines introduced to the computing solver. This allow for the analysis 

of thermomechanical phenomena occurring in welding process. The power distribution of the movable welding 

source is modeled in these subroutines using mathematical equations taking into account transformation 

equations based on the relative positioning of the joined elements. Numerical studies conducted in the 

literature [9] concerned the analysis of the impact of slope change in laser beam on the shape and size of the 

melted zone in the laser welded T-joint. On the basis of obtained results in this study it was concluded that the 

best quality of the weld is obtained when the lowest slope of the laser beam relative to the joined surface is 

used. The small angles of inclination of the laser beam allowed obtaining butt welds in accordance with 

experimental investigations carried out at the Welding Institute in Gliwice, Poland [8]. In order to verify the 

developed mathematical and numerical models the simulation is performed for single-sided welds using 

experimental data from [8]. Three-dimensional discrete model of the T-joint is developed. Identical 

technological parameters of the welding process are assumed in numerical simulations and the experiment. 

Temperature distribution in the joint and the shape of the melted zone are estimated on the basis of numerical 

simulations, verified by metallographic studies from [8]. The state stress and welding deformation are 

determined for numerically designated welded joint. 

2. NUMERICAL ANALYSIS OF TERMOMECHANICAL PHENOMENA 

Numerical modeling of thermomechanical phenomena occurring in the welding process requires the definition 

of mathematical and numerical models necessary to reflect the conditions of process. Engineering software 

based on finite element method require adaptation additional procedures in order to take into account specific 

parameters of the welding process. Numerical analysis of thermal phenomena in the Abaqus software is based 

on the classical equation of the temperature field, which is obtained by the solution of energy conservation 

equation together with Fourier law [10]. 
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where: 

λ = λ(T) - the thermal conductivity (W / (m K)) 

U = U(T) - the internal energy (J / kg) 
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qv - the laser beam heat source (W / m3) 

qS - the heat flux toward elements surface (W / m2)  

δT - the variational function 

ρ - the density (kg / m3) 

The presented heat transfer equation is expressed in the criterion of weighted residuals method. Equation (1) 

is completed by the initial condition and boundary conditions of Dirichlet, Neumann and Newton type [2]. 

The use of an additional author numerical subroutine DFLUX allowed the simulation of the welding process 

using a movable heat source. In the procedure, the shape and size of the heating source is determined using 

the mathematical equation of the volumetric heat source with Gaussian distribution (2) [11]. Position of the 

heat source is determined during the analysis in each time step in correspondence with welding speed. 
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where:  

Q - the laser beam power (W) 

η - the efficiency of the process (-) 

h - the heat source penetration depth (m) 

z - the actual depth (m) 

r0 - the beam radius (m) 

r - the actual radius (m), where 22 yxr +=  

In the DFLUX numerical subroutine, additionally transformational formulas are applied in order to position the 

laser beam power distribution with respect to the connected edges of flat elements. In the case of analyzed T-

joint it is necessary to obtain the slope angle α of laser beam to the the stringer in T-joint [9]. 

jjii
AA ′′ = γ   where  

ji
ji

ee⋅=
′′γ  (3) 

Using the transformation formulas (3) for the adopted coordinate system, a transformation matrix is obtained 

which solves the transition between two systems: 
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In the case of the analysis of mechanical phenomena, the calculations are based on the classic equilibrium 

equations and the analysis is described in the elastic-plastic range: 

• 
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where: 

σ = σ(σij) - the stress tensor 

xα - the location of considered point (material particle) 
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(� ) - the inner exhaustive product 

D = D(T) - the a tensor of temperature dependent material properties 

ε - the total strain (where εe - elastic strain, εp - plastic strain and εTh - thermal strain) 

Equilibrium equations (5) are complemented by initial conditions and boundary conditions are prescribed for 

preventing rigid body motion [2]. 

•  (6) 

3. NUMERICAL MODEL 

Numerical simulations of thermomechanical phenomena of the laser beam welding process are carried out in 

the Abaqus FEA software. Three-dimensional discrete model of analyzed welded T-join is developed 

consisting of flat with dimensions 30 mm x 100 mm x 3mm and 30 mm x 100 mm x 1 mm, according to the 
diagram shown in Figure 2. The geometrical dimensions of the numerically analyzed T-joint and technological 

parameters are taken from the literature [8]. In experimental studies conducted by the authors [8] technological 
parameters of the welding process are: beam power Q = 2200 W, welding speed v = 3 m/min, the angle of 

inclination of the laser beam relative to the connected elements α = 16ο.  The calculations assume also: the 
efficiency of the welding process η = 75 % (literature efficiency for laser welding), beam radius r = 0.35 mm 

and penetration depth h = 4 mm. The material model of steel 304 (X5CrNi18-10) is included in the "Property" 

module of the Abaqus program which takes into account changing with temperature thermophysical properties 
of steel [2, 9]. Assumed are: solidus temperature TS = 1400 °C, liquidus TL = 1455 °C, latent heat of fusion HL 

= 260 × 103 [J / kg], ambient temperature T0 = 20 °C and the convective coefficient αk  = 50 W / m2. 

        

Figure 2 Scheme of considered system   Figure 3 Discretization of analyzed domain 

Figure 3 shows the discrete model of the analysed system. In the numerical model of the finite element mesh 

is chosen to reduce the duration of the numerical simulation. In the discrete model of T-joint perfect contact 

between the connected elements is assumed. Numerical analyses of thermal and mechanical phenomena are 

carried separately. First calculations of thermal phenomena are performed and then mechanical calculations 

based on the results of the thermal analysis. The mechanical boundary conditions are prescribed for preventing 

rigid body motion. 

4. RESULTS AND DISCUSSION 

On the basis of the numerical simulation of thermal phenomena the temperature field and shape and size of 
the melted zone are determined (Figure 4a). The numerically estimated shape of melted zone compared to 

the area of the weld cross-section of the welded joint is presented in Figure 4b. In this figure the solid line 
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points out the boundary of melted zone (isoline TL ≈ 1455 °C). Comparing the numerically predicted shape of 

melted zone with the experiment, it can be seen a good agreement of the results with the real welded joint. 

 

Figure 4 Temperature distribution in the welded T-joint a), Compare of the numerically predicted shape of 

melted zone with the experiment b) 

             

Figure 5 Residual temporary reduced stress σ  

of welded T-joints 

Figure 6 Numerically estimated deflection Uy  

in cross section of welded T-joint 

Figure 5 presents the distribution of residual stresses. The maximum value of stresses does not exceed 255 

MPa. Figure 6 shows the displacement field of the laser welded T-joint. Much larger values of displacement 

occur in the transverse direction to the welding line than in the longitudinal direction. For the analysed T-joint, 

the maximum displacement value occurs in the transverse direction and does not exceed 0.17 mm. 

5. CONCLUSIONS 

The Abaqus software adopted for calculations required the introduction of additional numerical procedures 

necessary for modeling the phenomena of the welding process. In calculation the transformation model 

allowed simulate the T-joint welding process. Developed numerical model in Abaqus software allows simulate 
the welded process for any heating source inclined at any angle relative to the connected edges.  

In the analyzed laser welded T-joint the highest stresses occur on the welding line and the maximum value 

does not exceed 255 MPa. The welded joint is deformed in both transverse and longitudinal directions. The 

largest displacements are at the ends of welded elements where the maximum value is 0.17 mm. The 

comparison of numerical simulations results with the experimental studies shows that a good agreement was 
obtained (Figure 4b). Developed numerical model can be a useful tool for engineers to design welded T-joints. 
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Abstract 

The purpose of this paper is to describe the microstructure of welded joints produced by the Plasma+MAG 

method of S700 MC steel (high strength Re = 700 MPa). Welded joints of thermomechanical steel have been 

made with different values of heat input. The results of metallographic research of welded joints, 

microstructure, hardness distribution and impact toughness are presented. The weldability of S700MC steel in 

condition of hybrid Plasma + MAG is generally described. 

Keywords: Plasma + MAG; hybrid welding; high strength steel 

1.  WELDING PROCESS CHARACTERISTICS 

Hybrid welding is a combination of two independent welding methods in simultaneous work in the same 

welding pool. The described method combines the MAG (Metal Active Gas) method and the plasma method 

to increase the welding performance. The purpose of the plasma application is to achieve deep penetration 

(opened evaporation canal - key hole) in welded material. The creation of a evaporation channel is possible 

when the plasma arc's density is above 1010 W / m2 [1]. The role of the MAG method is to fill the opened 

channel with the metal of the weld and create the suitable shape of joint’s face. The hybrid process has the 

selected advantages of both welding heat sources. Deep penetration hybrid welds can be made, comparable 

with the penetration depths achieved by plasma key-hole in the same time having a tolerance to joints fit-up 

and weld cap profile more comparable with MAG welds. In general, the hybrid welding system is characterized 

by an extremely high welding efficiency, measured by the mass of fused metal. Schematic diagram of the 
hybrid plasmotron is presented in Figure 1. The construction of the hybrid system and its technological 

properties are described in the publication [2]. 

 
Figure 1 Schematic diagram of the hybrid plasmatron: 1 - plasma arc, 2 - GMA arc, 3 - plasmatron cathode, 

4 - plasma nozzle, 5 - common shielding gas nozzle, 6 - welding direction, 7 - GMA wire elec- trode, 8 - liquid 

metal, 9 - plasma keyhole, 10 - substrate material  
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2.  WELDING PROCESS 

The Weldability of this steel grade is relatively good. The weakest place of welded joints of this steel is a high 

- temperature coarse grain heat affected zone (HAZ) in which due to the nucleation effect of the dissolved 

phases, strengthening the matrix and their subsequent uncontrolled separation precipitation in the form of 

finely disperse and rapid decrease impact toughness is observed. Performed hybrid welding tests have shown 

that in order to ensure high quality of welded joints, it is necessary to limit the welding linear heat input. During 

the welding process of S700MC steel, it is not recommended to use pre heating before the welding process 

and heat treatment post welding, and the number of welding repairs should be kept to a minimum, because it 

leads to a reduction of strength and plastic properties in the HAZ area, as a result of aging processes, 

dissolution of strengthening phases in the matrix and their subsequent uncontrolled precipitation during cooling 

[3-8]. The research test aimed to describe the properties of butt hybrid welded (Plasma + MAG) joints made 

of 10 mm thickness steel S700MC a water cooled copper strip and solid filler wire G69 6 M21 Mn4Ni1 having 
a diameter of 1.2 mm. The chemical composition and the properties of the steel are presented in Table 1, 

whereas the steel microstructure is presented Figure 2. 

Table 1 The chemical composition performed using OES and the mechanical properties of S700MC steel 

Chemical Composition, wt. % 

C Si Mn P S Al tot. Nb V Ti B Mo C equivalent 

0.059 0.253 1.912 0.009 0.006 0.027 0.057 0.021 0.087 0.087 0.106 0.33 

Mechanical Properties 

Tensile Strength 
Rm, MPa 

Yield Point Re, MPa 

 

Elongation A5, % 

 

Hardness HV 

 

Impact strength, J / cm2 

(−20 °C) 

830 767 19 280 135 

 

Figure 2 Microstructure of bainitic-ferritic steel S700MC with visible effects of plastic deformation 

The welded joints were prepared at Warsaw University of Technology in Warsaw using a robotic station. Tests 

were performed using a PLT Hybrid Super MIG System. The hybrid welding plasmotron was fixed on KUKA 
robot’s wrist. Parameters of welding processes are presented in Table 2. The plasma gas used in test was Ar 

-100 % and the shielding gas used in the test was mixture (18 % CO2 + 82 % Ar), whereas the gas flow rate 
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amounted to 22 dm3 / min. The welding process was carried out using one pass. The parameters used during 

making the butt joints and other welding conditions (adjusted on the basis of preliminary test [10]) are presented 
in Table 2.  

Table 2 The Parameters of the hybrid welding of 10 mm thickness steel S700MC 

Welded 
joint No 

Voltage of 
Plasma Arc U, V 

Current of 
Plasma Arc I, V 

Voltage of 
MAG Arc U, V 

Current of 
MAG Arc I, V 

Travel speed 
V, m/min. 

Heat input, 
kJ / mm 

C2 23.4 335.4 31.8 360.6 0.75 1.11 

C4 23.9 332.4 33.6 390.7 0.95 0.96 

3.  TESTS OF WELDED JOINTS 

Welded joints were prepared for testing by cleaning the surface in accordance with the procedure described 

in the literature [11,12]. Welded joints were visual test and the magnetic particle test did not reveal shape and 

surface welding imperfections. The welded joints satisfied the requirements related to quality level B according 

to ISO 12932. The microscopic metallographic tests did not reveal the presence of welding imperfections in 
the weld and Heat Affected Zone (Figure 3). The weld root was related to the shape and dimensions of the 

copper strip used during welding. 

 

Figure 3 Microstructure of the hybrid welded joints (Plasma + MAG) made in steel S700MC 

The microscopic metallographic tests revealed a bainitic-ferritic microstructure in the weld area. The HAZ was 

characterised by variably sized grains, which could be described a significant heat input during the innovative 
welding process (Figure 4). Microscopic test revealed the probability of nitride precipitates presence in the 

HAZ and in the base material. Hybrid Plasma + MAG welding is characterized by relatively short cooling time 

form temperature 800 to 500 °C, what leads to the formation of martensite in the HAZ. However, as it is low-

carbon martensite, it has no strong negative influence on platic properties of the welded joints. In specific 

Weld 

HAZ 

Base material 
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region of the Heat Affected Zone with an increase of distance to the fusion line, ferrite content seems to be 

increasing in lieu of bainite [14-17]. 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

Figure 4 Microstructure of the hybrid welded joint (Plasma + MAG) - (a) microstructure of the base material, 

(b) microstructure of the HAZ from the base material side, (c) microstructure of the HAZ close to the fusion 

line, (d) microstructure of the weld 

The analysis of the destructive test results of the hybrid Plasma + MAG butt welded joints revealed that the 

obtained joints satisfied the requirements of the EN-ISO 15614-14 standard. The hybrid welding process 

resulted in a slight decrease in tensile strength 780 MPa in relation to the hardness of the base material. The 

rupture took place in the HAZ in area of slight grain growth. The above-named decrease in tensile strength 

was connected with the loss of properties obtained by steel S700MC through the thermo-mechanical control 

process. This is mainly related to the increase in the proportion of ferrite in the structure and the grain growth 

in this area. The bend test resulted in a bend angle of 180°, both during bending on the face and root side, 

which demonstrated the high plastic properties of the joint. The impact strength test performed at a temperature 

of −30 °C revealed satisfactory toughness values in the weld, fusion line, and the HAZ. In the weld area, the 

toughness amounted to 206 J / cm2. In the HAZ, the toughness amounted to approximately 170 J / cm2, 
(samples for impact tests were cut across the welded joint).  

The hardness measurements concerning the hybrid welded joints made in steel S700MC revealed that the 

a) b) 

c)  d) 
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lowest hardness was characteristic of the heat-affected zone and amounted to approximately 210 HV0,1, 

whereas the highest hardness was that of the base material and amounted, on average, to 285 HV0,1. The 

difference between the hardness of the base material and that of the HAZ amounted to approximately 15 %. 

The hardness value in the upper part of the weld was similar to that of the base material (280 HV0.1) and was 

higher than the value measured in the lower part of the weld (by approximately 8 %). The foregoing could be 

attributed to the fact that the upper part of the weld contained more alloying elements, increasing the 
hardenability (nickel, chromium) supplied along with the filler metal (Figures 5 and 6).  

 
Figure 5 Hardness of the hybrid weld joint (Plasma - MAG) made of S700MC steel (position of measuring 

lines 2 mm from the top surface of the sheet), C2 a C4 welding parameters 

 
Figure 6 Hardness of the hybrid weld joint (Plasma - MAG) made of S700MC steel (position of measuring 

lines 2 mm from the bottom surface of the sheet), C2 a C4 welding parameters 

4. CONCLUSIONS 

The tests of the hybrid welding Plasma + MAG of 10 mm thickness steel S700MC involving the use of a filler 

metal having the form of solid filler wire revealed the possibility of making welded joints satisfying the criteria 

formulated in the ISO 15614-14 standard. The tested joints were characterised by a lack of welding 
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imperfections as regards the shape, geometry, and discontinuity. The tensile strength of the welded joints was 

similar to that of the base material properties, whereas the plastic properties of the joints were satisfactory. 

The fusion line revealed a decrease in hardness, yet within a relatively narrow range and without compromising 

the operational properties of the welded joints. The microscopic tests of the welded joints revealed that the 

weld contained the typical bainitic-ferritic microstructure of dendritic nature. The heat affected zone contained 

areas of variously sized grains, which was triggered by the thermal cycle effect.  
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Abstract 

 The paper presents the results of mechanical properties tests at reduced and elevated temperature after 

a four-stage hot-rolling and cooling in water, microstructure tests and fractographic studies of breakthroughs 

of high-strength high-manganese steel X98MnAlSiNbTi24-11 and X105MnAlSi24-11 TRIPLEX type. In order 

to determine the mechanical properties of the tested steels, a static tensile test was performed, on the basis 

of which the yield strength, tensile strength and elongation were determined. Structural investigations using 

light microscopy and scanning electron microscopy enabled the identification of austenitic-ferritic structure in 

steels numerous deformation twins in austenite grains. Diffraction in SEM was also used to analyse the 

structure. The obtained test results allow assess the influence of reduced and elevated temperature on the 

strength properties of the tested steels. The test steels Fe-Mn-Al-C achieve very good strength properties at 

relatively high elongation at low temperature -70 °C. 

Keywords: Fe-Mn-Al-C steels, mechanical properties, fractography, microstructure 

1. INTRODUCTION 

Exploitation of the structure occurs in a variety of complex load condition’s circumstances and often at different 

temperatures. Taking into account the conditions of use, it is necessary to predict strength and durability of the 

structure, both at room temperature, as well as at elevated and reduced temperature. Most often, the structures 

work in the temperature range from -70 ° C to 200 ° C, which is related to environmental conditions and the 

influence of solar radiation, therefore these tests were carried out in the above-mentioned temperature range. 

Fe-Mn-Al-C steels, depending on the chemical composition of the alloy and thermo-mechanical treatment, are 

characterized by a wide range of strength properties. The stress-strain graphs are a key tool for determining 

mechanical properties. Bausch, Frommeyer et al. were the first to describe the steels of TRIPLEX type with 

high strength (925 ÷ 1175 MPa) and plasticity (up to 36 %) with austenitic-ferritic structure with nanometric κ 

carbides. The proportion of ferrite in these steels was ~ 7 %. In their work Bausch, Frommeyer and others also 

presented mechanical properties in the temperature range -60 ÷ 550 °C. The tested steels achieve very good 

mechanical properties at a low temperature of -60 °C where the tensile strength is 1050 MPa, which makes it 

possible to apply Fe-Mn-Al-C steels in cryogenic applications [1÷4]. Hamada in his work presents the results 

of static tensile test for steels with different Al content at temperature between -80 °C and 100 °C. On the basis 

of the results it concludes that both the Al content and the temperature have a significant effect on the strength 

and elongation. The higher Al content raises the yield strength, but the tensile strength and elongation depend 

essentially on the deformation mechanism, i.e. the stacking fault energy, which is associated with the contents 

of Mn and Al, and the test temperature [5]. 

The aim of the work was to determine how and to what extent mechanical and plastic properties in high 

manganese steels X98MnAlSiNbTi24-11 and X105MnAlSi24-11 TRIPLEX type change with the decrease or 

increase temperature (in the range -70 °C do 200°C). 
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2. EXPERIMENTAL (MATERIALS AND METHODS) 

The subject of the analysis was the experimental high-melange steels X98MnAlSiNbTi24-11 (steel A) and 

X105MnAlSi24-11 (steel B) TRIPLEX type. Detailed chemical compositions of the tested steels are presented 
in Table 1.  

Table 1 The chemical compositions of the examined steels 

Elements C Mn Al Si Nb Ti Ce La Nd Pmax Smax 

Steel X98MnAlNbTi24-11 (steel A) 

[wt. %] 0.98 23.83 10.76 0.20 0.048 0.019 0.029 0.006 0.018 0.002 0.002 

Steel X105MnAlSi24-11 (steel B) 

[wt. %] 1.05 23.83 10.76 0.10 - - 0.037 0.011 0.015 0.005 0.005 

Steels were melted in a laboratory vacuum induction furnace under argon and cast into the cast iron mould. 
After cooling in air, plastic working was performed on the ingot by hot forging at high speed hydraulic press 
with pressure of 300 tonnes. Then the material was subjected to a four-step rolling process at a temperature 
range of 1100 °C to 850 °C with at a deformation of 0.23 for each pass. A detailed diagram of the rolling 
process is shown in Figure 1. After the last rolling stage, the samples were cooled in water. 

 

Figure 1 a),b) Microstructures of the examined steels before hot rolling [6,7 ] c) scheme of hot rolling 

process and cooling of tested steels 

Tests of the mechanical properties at elevated and reduced temperatures from -70 °C to 200 °C were made 
on testing machine Insight by MTS with a maximum force of 10kN. To assess the mechanical properties of the 
steel at a reduced and elevated temperature a testing machine, equipped with a chamber allowing cooling or 
heating of the stretched sample in the range from -100 °C to 350 °C, was used. Strength tests were carried 
out in the temperature range from -70 °C to 200 °C, due to the need of using the extensometer for mechanical 
tests at elevated and reduced temperatures and the associated maximum temperature of use limited to 200 
°C. For mechanical properties tests at elevated and reduced temperatures, flat samples with a measuring 
length of 25 mm, a width of 3 mm and a thickness of 2 mm were used. 

Steel structure investigations were carried out using light microscope Zeiss AxioObserver after etching in a  
5 % HNO3 solution in ethyl alcohol. Pictures of structures were made at 200x magnification. The examinations 
of the fractures after the static tensile test were performed on a scanning electron microscope Zeiss Supra 35 
at an accelerating voltage of 20 kV using secondary electrons detection (SE). Pictures of the fractures were 
performed with 1000x magnification. 

3. RESULTS AND DISCUSSION  

Structural analysis of the investigated steels after four-stage hot rolling and cooling in the water was carried 
out on samples cut in accordance with the direction of the rolling (Figure 2). On the basis of metallographic 
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studies, it was found that the structures of both steels are austenite grains with numerous deformation twins 

and a ferrite bands. A characteristic feature of austenitic-ferritic structures are elongated ferrite grains, this is 

due to the low tendency to recrystallize ferrite. The relatively high aluminium content (~ 11 %) in steels affects 

the formation of ferrite strips parallel to the direction of rolling. [1,11]. In steel B, the proportion of ferrite is about 

20 % greater than in steel A. In the structure of the steel A was observed that the bands have a partial 

recrystallization of ferrite, stronger than steel B. Ferrite strips in the steel A are larger in width but occur in 

a greater distance from each other than in steel B. It is believed that the mechanical properties are strongly 

related to the morphology and the percentage of ferrite strips in the investigated steels. 

 

Figure 2 Microstructure of the steel after hot rolling and cooled in water a) steel A, b) steel B 

The results of mechanical properties tests at reduced and elevated temperature (-70 °C ÷ 200 °C) of TRIPLEX 
type steels A and B after a four-step hot rolling with 20% draft and cooling in water are shown in Figure 3. At 

23 °C, the test steels have similar strength and plastic properties that are for steel A: Rp0.2 = 1086MPa, Rm = 

1142 MPa, A = 24 %, while for steel B: Rp0.2 = 1057 MPa, Rm = 141MPa, A = 27%. In steel A with decreasing 

temperature from room temperature of 23 °C to -70 °C during plastic deformation increases the mechanical 

properties Rm increases by approximately 110 MPa, but Rp0.2 about 56 MPa. Plastic properties decrease by 

about 10 - 12 %, i.e. they decrease from 24 % to about 12 - 14 %. Steel A for a temperature increase from 23 

°C to 50 °C reduces the plastic properties of 16%, while increasing the tensile strength of 121 MPa, a yield 

strength of 120 MPa. Further increase of temperature to 80 °C does not cause significant changes in strength 

properties, while plastic properties decrease by nearly 50 %. With the further increase of the test temperature 

to 150 °C, the strength and plastic properties increased (Rp0.2 = 1218 MPa, Rm = 1267 MPa, A = 30 %). Steel 

A at a temperature of 23 °C and 200 °C has similar values of tensile strength and elongation. In the case of 

steel B at temperatures of -70 °C and 80 °C, there is a marked increase in strength properties while maintaining 

good plastic properties. Lowering the temperature from room temperature 23 °C to -70 °C in the case of steel 

B causes an increase in strength properties by about 20 %. However, as in the case of steel A, the plastic 

properties of steel B decrease by about 4 % of the total elongation. For steel B, the temperature rises to 50 °C 

causes a slight decrease in strength and plastic properties. Raising the temperature to 80°C causes the 

strength properties to increase by 292 MPa, but the elongation is reduced by about 4 %. With a further increase 

in temperature, it is followed by a drop of the mechanical properties with a total elongation of 11 - 16 %. At 

temperatures of 150°C and 200°C in both steels a teething course of the stress - strain curves was noticed 
(Figure 4), as a result of the Portevin-Le Chatellier effect, which is explained by the Cotrell’s atmosphere 

mechanism. This effect occurs when it exceeds a certain critical strain, followed by the avalanche detachment 

of the dislocations arising from them during the movement of the atmosphere of foreign atoms [12-14]. Based 

on the analysis of the results, it has been found that the maximum strength and plastic properties of steel A 
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have been achieved at a test temperature of 150 °C, in which Rp0.2 = 1218 MPa, Rm=1267MPa and A=30%. In 

the case of steel B, high strength and plastic properties are achieved at a temperature of 80 °C (Rp0.2 = 1337 

MPa, Rm = 1433 MPa, A = 23 %). 

 

Figure 3 The effect of plastic deformation temperature on mechanical properties Rp0.2, Rm and A: a) steel A, 

b) steel B, after a four-step hot rolling with 20 % draft and cooling in water 

 

Figure 4 Static tension curves: stress-strain at temperature: a) 150 °C, b) 200 °C 

The fractures after a static tensile test at 150 °C are shown in Figure 5. Steel A is characterized by a ductile 

fracture with small areas of transcrystalline and intercrystalline brittle fracture (Figure 5a). Dimple morphology 

was observed, with a characteristic arrangement of depressions and protuberances of various shapes and 

sizes. Numerous secretions were noticed in the dimples. The dimples are formed from micropores, 

microcracks or micro emptiness formed during load [8-11]. Quasi-cleavage and steps were noted in the 

transcrystalline areas. Steps arise when the cracking face encounters screw dislocations which intersect the 

plane of cleavage [8-10]. In addition to numerous secondary cracks in steel B quasi-cleavage areas, as well 
as steps and dimple morphology, were observed (Figure 5b). Steps in the form of tongue morphology are 

formed by deflecting cleavage fractures at the moment of twins encounter [9,10]. Figure 6 shows fractures 

after a static tensile test at -70 °C. Both tested steels are characterized by a ductile fracture, however, in steel 

A, areas of intercrystalline brittle fracture were noted. 
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Figure 5 Fractures after static tensile test at 150 °C after hot rolling and cooling in water a) steel A, b) steel B 

 

Figure 6 Fractures after static tensile test at -70 °C after hot rolling and cooling in water a) steel A, b) steel B 

4. CONCLUSION 

On the basis of the obtained research results and their analysis, the following conclusions were formulated: 

Fe-Mn-Al-C solid steels achieve very good mechanical properties at low temperatures of -70 ° C, tensile 

strength was 1252 MPa for steel A and 1391 MPa for steel B. However, steel B exhibits a higher about 10 % 

of the elongation compared to the elongation of steel A at the same temperature. At 80 ° C, steel B achieves 

the highest strength properties over the entire temperature range of Rm = 1433 MPa, Rp0.2 = 1337MPa and A 

= 23 %. Steel A achieves maximum strength and plastic properties at temperature at 150 °C, where Rm = 

267MPa, Rp0.2 = 1218 MPa and A = 30 %. At the temperature of 150 °C and 200 °C in both steels teething 

course of the stress - strain curves according to the Cottrell's atmospheres theory were noticed [12-14]. No 

clear correlation between the temperature of the test and changes in the mechanical and plastic properties 

requires further research in this field also for other thermo-plastic treatment variants of these materials. 

The structures of both steels after hot rolling and cooling in water consist of austenite grains with numerous 

twin deformations and ferrite strips. The relatively high aluminium content in steels affects the formation of 

ferrite strips parallel to the direction of the rolling. The elongated grains in austenitic-ferritic structures are 

a result of a low tendency to recrystallization of the ferrite or a faulty thermo-plastic process [1,3]. 

On the basis of the fractographic analysis, it was found that the tested steels are characterized by mixed 

fractures. The mechanism of brittle fracture-ductile is formed by nucleation of brittle fracture in local areas and 

their propagation in the final surface decohesion by the activation of plastic deformation mechanisms [8-11]. 

Both steels are dominated by ductile fractures with dimple morphology with secretions at the bottom of the 
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dimples. It is also noted that areas of the brittle intergranular cracking that occurred after the grain boundaries, 

due to the reduced cohesion of the material, may be caused by the reduction of material cohesion, probably 

caused by the accumulation of impurities, brittle phases or segregation of alloy components. Transcrystalline 

cracking in the tested steels is accompanied by steps, which arise when the cracking face comes across screw 

dislocations or deflection of the cleavage at the twin encounter [9,10]. 
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Abstract 

The Inconel 617 alloy is used in the construction of boiler pressure elements with ultra-supercritical 

performance parameters. The paper presents the results of microstructure testing after 10,000 h ageing at 

750 °C. Microstructure research was performed using scanning electron microscopy. The influence of ageing 

time on the changes in microstructure and the precipitation process in the native material, heat-affected zone 

and weld, which were referred to the changes in basic mechanical properties was described. The presented 

research results are an element of the material characteristics of the new generation alloys, which are used in 

design of pressure devices of steam boilers and diagnostic work during operation. 

Keywords: Inconel 617, microstructure, precipitations, mechanical properties 

1. INTRODUCTION 

Approx. 40% of electric power all over the world is produced by burning coal. It results in further intensive 

works over design and construction of highly efficient steam boilers. It is also caused by the requirements of 

broadly defined environmental protection. Additionally, the development of new materials for operation at high 

temperatures is stimulated by the fact that it will take a long time before the alternative energy sources become 

the basic source of energy not only in Europe, but also in the world. The above data clearly show that the 

works on development of modern steels and alloys for the high-performance energy engineering cannot be 

neglected [1-4]. 

Inconel 617 is a nickel alloy (the so-called nickel superalloy), which contains approx. by wt. % chromium 20, 

cobalt 10 and molybdenum 8 and titanium, while the remaining content is nickel. This alloy was developed by 

Sumitomo Metal Ind. 

Inconel 617 is used for components of ultra-critical steam boilers (700-800 °C, approx. 35 MPa). This alloy 

shows high creep strength as compared to other nickel alloys, which is 121 and 69 MPa at 750 °C for 10,000 

and 100,000 h, respectively [5]. This is the effect of strong solid-solution hardening by adding molybdenum 

and cobalt and of solid-solution hardening with M23C6, MC, M6C, Ni3Mo and γ’. High oxidation resistance in the 

steam atmosphere and hot corrosion resistance of the Inconel 617 alloy is ensured by wt.% chromium 20 

content. 

Pressure components of power units, and thus the materials used for their construction should not only be 

characterised by sufficiently high creep or corrosion resistance in steam and combustion gas atmosphere but 

also with high mechanical properties at both room and elevated temperatures [6-9]. The process of changes 

in the performance of these materials, and thus changes in their microstructure, is described by the materials 
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characteristics which, in combination with methods for the assessment of their exhaustion degree, are used in 

approving them for further safe operation both within and beyond the design service time [10, 11]. 

The research results and their analysis presented in this study supplement the publications on the service life 

of the Inconel 617 alloy and its similar welded joints, which do not refer to the effect of the long-term impact of 

elevated temperature on the stability of performance [12-14]. 

2. MATERIAL FOR INVESTIGATIONS 

The material for investigations was a sample of φ 31,5x5,0mm pipe of Inconel 617 (NiCr23Co12MoB) with a 

similar welded joint. The chemical composition of investigated alloy with reference to the requirements of the 
standard is presented in Table 1. 

Table 1 Chemical composition of investigated alloy (wt.%) 

 C Mn Cr Ni Ti Mo Co B Al 

Test 
material 

0.06 0.02 21.70 REST 0.37 8.43 11.42 0.005 0.68 

acc. to 
[5] 

0.05 

0.10 

≤0,7. 20.00 

23.00 

REST 0.20 

0.50 

8.00 

10.00 

10.00 

13.00 

≤0.01 0.60 

1.50 

The similar welded joint was made by the 141 (GTAW) method using Thermanit 617 welding rod. 

3. RESEARCH METHODOLOGY 

The microstructure of the Inconel 617 welded joint was observed with Inspect F scanning electron microscope 

(SEM) on conventionally prepared electrolytically etched metallographic microsections. Hardness 

measurements were performed by Vickers method with Future - Tech FM - 7 hardness testing machine using 

the indenter load of 10 kG. The quantitative analysis of precipitates was carried out with NIKON EPIPHOT200 

& LUCIA G v.5.03 image analysis system. The image analysis system was calibrated using the scale marker 

as in the photos. Calibration coefficient: 1 pixel= 0.040 µm. The above-mentioned investigations were 

performed on material in the as-received condition and after long-term ageing at 750 °C for 10,000 h. 

4. RESULTS AND DISCUSSIONS 

The microstructure of the Inconel 617 alloy and similar welded joint in the as-received condition observed with 
the scanning electron microscope is shown in Figure 1. The tested base material and the material in the heat-

affected zone are characterised by the austenitic matrix with annealing twins and numerous primary 

precipitates of varying size arranged in bands both within the grains and at the grain boundary. The uniform 

cellular and dendritic columnar structure with locally visible effects of micro-segregation of chemical 

composition at the dendrite boundaries and band eutectic precipitates at the dendrite boundaries were found 

in the material of the weld made with Thermanit 617 filler metal. The measured average grain diameter of the 

base material is 5-3 according to PN-EN ISO 643:2013-06 [4]. A slight grain growth effect was observed in the 

heat-affected zone. 

The long-term ageing of the Inconel 617 affects the development of precipitation processes as well as changes 

in the morphology coherent with the matrix of γ’ intermetallic phase (Figure 4) and M23C6 carbides (Figure 3), 

as evidenced by the recorded microstructure images (Figure 2). Numerous uniformly arranged γ’ phase 

precipitates inside the austenite grains and M23C6 carbide precipitates forming precipitation chains at the 

austenite grain boundary are observed in the base material, heat-affected zone as well as the weld itself. The 

measured average diameter of γ’ phase precipitates is 93 nm. 
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Figure 1 Microstructure of Inconel 617 welded joint in the as-received condition: a) native material, 

b) heat-affected zone, c) weld 

The long-term impact of elevated temperature has changed hardness of both the native material and the weld 

material. The hardness increased by approx. 22% in the native material, 20% of the heat-affected zone and 
25% in the weld (Figure 5).  
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Figure 2 Microstructure of Inconel 617 welded joint after ageing at 750 °C for 10,000 h: a) native material, 

b) heat-affected zone, c) weld 

 

Figure 3 M23C6 carbide precipitate at the austenite grain boundary after 10,000 h ageing at 750 °C 
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Figure 4 γ’ phase precipitate within the austenite grain boundary after 10,000 ageing at 750 °C 

 
Figure 5 Comparison of Inconel 617 hardness HV10 in the as-received condition and after 10,000 h ageing 

at 750 °C 

5. CONCLUSION 

Due to its high creep strength at elevated temperatures and very good resistance to hot corrosion and steam 

oxidation, ensured by the formation of passivating Cr3O2 chromium oxides, the Inconel 617 mod. alloy is 

recommended for long-term service under creep conditions at 700-800 °C.  

The characteristics of steels and heat-resistant alloys, which determine their suitability for applications at 

specific temperatures, also include the results of testing stability of microstructure and mechanical properties 

under laboratory ageing conditions at a temperature similar to the expected operation one. The ageing tests 

of the Inconel 617 mod. welded joint carried out at 750 °C for up to 10,000 h revealed changes in the 

microstructure of the base material, heat-affected zone and weld material involving mainly a tendency for 

forming uniformly arranged γ’ phase within the grains the average diameter of which increased with ageing 

temperature and time. The measured average diameter of γ’ phase after 10,000 h ageing at 750 °C was 

approx. 98 nm. [15]. In addition, the M23C6 precipitates were observed in the microstructure, and they were 

arranged mainly at the austenite grain boundaries and the annealing twins whose size also increases with test 

temperature. 

The hardness measurement shows a significant, above 20%, increase in hardness of test welded joint after 

ageing as compared to the as-received condition, which indicates significant precipitation hardening.  
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Abstract 

The paper deals with the possibility of using the SPT - (small punch test) method for evaluation of material 

properties of the individual areas of welded joints. The homogeneous and heterogeneous welds for USC power 

plants were assessed. The selected combination of welded joints made of austenitic creep resistant steels of 

the TP347 HFG, HR3C, Super304H and P92 grades in as-received state and after exposure in the real boiler 

conditions for one year were studied. The mechanical and fracture properties were assessed using small 

punch test of welds under investigation. The mechanical properties and fracture properties were studied using 

miniaturized tests, too. From the results it can be concluded that especially fracture properties were influenced 

significantly due to one-year exposure, which can be demonstrated on the Charpy impact tests, where the 

impact energy dropped down to only 1/3 of the original value.  

Keywords: Austenitic steels, small punch test (SPT), welded joints, sigma phase, mechanical and fracture  

       properties 

1. INTRODUCTION 

A lot of effort was devoted in the past decades to develop new steels for the most demanding steam 

parameters used in the newly build ultra-super critical (USC) power plants. Low price of austenitic heat 

resistant steels in comparison to high alloyed Ni-based superalloys was the principal motivation to develop 

materials with better hot corrosion resistance that overcomes mostly used AISI 316H steel especially for tubes 

of superheaters and/or reheaters working at more than 700 °C [1]. Extensive analysis of three steel grades 

intended for application in USC boilers was performed. The change of material characteristics after 

technological operations used during production of final stages of superheaters of USC boilers and their 

subsequent exposure at working temperature was assessed. Study was focused on new grades of austenitic 

heat resisting steels most frequently used in modern USC boilers: 

• Super 304H, 

• HR3C, 

• TP347HFG 

and their weld joints and bends made without post bend heat treatment of tubes with various bend radii. This 

paper is focused on assessment the mechanical and fracture properties of above mentioned weld joints. Owing 
to very small size of weld joint samples the study used miniaturized specimens and SPT method.  

The goal of the paper is to show assessment of actual material properties of weld joints and basic materials of 

thin wall tubes determined for USC application using SPT method. 

2. SMALL PUNCH TESTING AND ITS APPLICATION IN TESTING SUPERHEATER TUBES 

Owing to thin wall of superheater tubes it was necessary to use testing assessment based on miniaturized test 

techniques Tensile Test (TT), Small Punch Test (SPT) and Fracture Toughness Test (FTT). SPT is a unique 
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method that enables to determine material properties from very small material volume. It is possible to do 

chemical and microstructure analyses, to determine yield and tensile strength, transition temperature, fracture 

toughness and creep properties. Big advantage of this method is possibility to sample experimental material 

directly from the running components without any following repair or everywhere, where is the problem to 

remove material by destructive sampling method (bridges, steel structures, power plants, hydro-electric plants, 

etc.). The wide use of SPT shows the possibility of assessment of material properties through the wall 

thickness, where it enables to obtain fracture behaviour data through the wall thickness (outer and inner 

surface, middle part) or in various orientation of specimen (axial, tangential, radial direction). The method also 

can be used is assessment of material properties of very small volume, for example individual parts of 

weldments and even heat affected zone, decarburization layers, deposit welds, macro segregation, or welded 

joints of thin wall tubes. This article gives example of assessment of material properties of thin-wall welded 

tubes from austenitic steels.  

An example of sampling a very small volume of experimental material, that is extracted from the component 

surface without any mechanical and/or heat impact, is shown in Figure 1 (a) altogether with a sample removed 

from the surface of tested component (b) and specimen test discs cut from removed material (c). A small disc 

specimen, 8 mm in diameter and 0.5 mm in thickness is clamped around its circumference and indented by a 

spherical punch up to failure [2]. Monotonic load vs. displacement record is used to derive tensile properties 

and fracture toughness parameters as well as fracture energy evaluated as the area under load-displacement 

curve [2]. 

 

 b) 

 

 

 

  

 

 

   a)     

       c) 

Figure 1 Specimen removal by sampling machine SSam TM-2 (a), specimen removed from the component 

(b), test discs cut from the specimen (c) 

3. EXPERIMENTAL MATERIAL AND EXPERIMENTAL PROGRAMME 

Experimental material consists of 21 combinations of welded joints of the homogeneous and heterogeneous 

welds for USC power plants made of austenitic creep resistant steels of the TP347 HFG, HR3C, Super304H 

and P92 grades both with post weld heat treatment (PWHT) and without PWHT. All welded joints were studied 

in as-received state and after exposure in the real boiler conditions for one year [1]. Welding method 141 
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(GTAW, TIG) with filled material ɸ 0.8 mm UTP A 6170 Co was used. PWHT was made in the case of grades 

Super 304H and TP347 HFG and its welds at the temperature 1130 °C, in the case of grade HR3C and its 

welds at the temperature 1230 °C, in case of grade P92 and its welds at the temperature 750 °C [3]. The rings 

with welded joints of ɸ 38 x 6.3 x 300 mm were available (see Figure 2a). 

 

 

 

 

 

 

    a)       b) 

Figure 2 Samples of welded joints before exposure in the boiler 

Mechanical properties were evaluated using the tensile test with miniaturized specimens of ɸ 3 mm and 

measured length 10 mm. Specimens were located into the weld metal such that the measured length contains 

equally the welded joint including both basic metals. Sample for SPT were removed as from basic material as 

from weld metal after exposure. Charpy V-notch test was done using test specimens of 3 x 5 x 32 mm with 

notch located into the weld metal - see Figure 2b. 

4. CHANGE OF MATERIAL PROPERTIES AFTER ONE YEAR EXPOSURE IN THE BOILER 

The samples had been exposed in the boiler without any loading at two working temperature range - one from 

635 °C to 695 °C and another one from 726 °C to 775 °C for one year. Test results showed that tensile test is 
not enough sensitive method to fully reveal the material changes caused due to exposure. Figure 3 and 4 

show effect of exposure at two working temperature range on the yield strength, resp. tensile strength. 

 

Figure 3 Effect of exposure on yield strength of chosen weld joints 
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Figure 4 Effect of exposure on tensile strength of chosen weld joints 

However material degradation of weld joints has been markedly proved by SPT method and fracture toughness 
characteristic. Figures 5 and 6 show significant influence of exposure on material properties for selected 

combination of weld joints. Decrease of fracture energy (area under curve) of weld metal of TP347HFG-HR3C 
weld joint dropped after exposure nearly of 50 % compared to as received state (see Figure 5). So that it was 

confirmed that weld metal is the weakest point of weld joints of these materials. 

 

Figure 5 Effect of exposure on fracture energy of weld metal of TP347HFG-HR3C weld joint 

Below is documented effect of PWHT and exposure at lower working temperature on fracture energy of the 
whole TP347HFG-HR3C weld joint (see Figure 6). It is evident that PWHT caused increasing of fracture 

energy of TP347HFG material in state as received, after exposure are values of fracture energy nearly the 

same. On the contrary HR3C material shows interesting behaviour. PWHT has decreased its fracture energy 

moderately with bigger scatter of values in state as received. But after exposure fracture energy of HR3C 
material shows drop to 50 % of values in state as received independently of PWHT. Figure 6 shows that HR3C 

fracture energy is at level of weld metal. 

Degradation effects of high working temperature and corrosion and corrosion environment of boiler influenced 

fracture properties of weld joints. The absorbed energy of weld metal dropped to up to 1/3 of state as received 
value (see Figure 7).  
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Figure 6 Effect of exposure on fracture energy of weld metal of TP347-HR3C weld joint 

 

Figure 7 Effect of exposure on absorbed energy of chosen weld joints 

5. DISCUSSION 

Owing to the small size of welded joints exposed in real boiler it is not possible to make the assessment of 

mechanical and fracture properties by using standard test specimens. Therefore, SPT method and 

miniaturized test specimens were applied with the advantage of small test specimen size. SPT method allowed 

determination of fracture energy of weld metal and base material before and after high temperature exposure 

in the boiler. In contrast to tensile test, SPT method indicated strong drop of fracture energy of weld metal after 

exposure. The assessment showed that the weakest point of weld joint was weld metal where values of fracture 

energy after exposure reached 50 % of fracture energy of base metal as a maximum. This happened 

regardless of applying PWHT. The big surprise was that the high temperature exposure for one year in the 

real boiler caused pronounced degradation of material properties of weld joints and in particular fracture 

energy. It is necessary to emphasize that the exposure without any inner pressure load just at temperature 

without and corrosion environment was on the matter. 

6. CONCLUSION 

The paper deals with analyses of the effect of several technological factors on material properties of several 

weld joints of USC steels and their degradation due to exposure at working temperatures. High temperature 

exposure itself, in a real boiler for one year in corrosion environment and without any loading caused big drop 

of fracture and/or absorbed energy with minimum impact on mechanical properties. Absorbed energy of weld 
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joints dropped only to one third of values of weld joint prior to exposure. Paper shows potential application of 

SPT method, which can be used for quantifying the decline in mechanical properties and especially fracture 

energy of weld joints intended and frequently exploited in USC applications. 
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Abstract 

The continuous increase in the demand for electricity, the need to increase the power and of power units, 

efficiency causes the development and researches of dedicated materials. These materials work in extremely 

harsh conditions, they must be resistant to high temperatures, sudden changes of temperature and 

deformation. They are also exposed to fatigue damage both mechanical and thermal. The steel grade 
presented in this paper is a boiler steel working in temperature ranges 500-600 ºC. Important parameters for 

steels of this type are high temperature mechanical properties. It is also important that a high level of properties 

is achieved at both elevated and room temperatures. Elements working in such conditions, including the steam 

turbine armour, are exposed to thermal shock what will be presented in this paper. 

Keywords: Thermal shock, high temperature parameters, cracking 

1. INTRODUCTION 

The dynamic development of technology, in field of energy especially, as well as the increasing requirements 

entail the need to improve current material [1-7] properties and develop new. Thermal fatigue is a phenomenon 

studied for about 200 years. Many works have been created on this subject however there is still no clear 

solution to this problem. There is no best and universal method for assessing how samples subjected to cyclic 

temperature changes behave. Research on thermal fatigue is a difficult issue, mainly due to the instability of 

this parameter, which depends on many factors, such as the temperature gradient in which the element works 

the type of treatment and the chemical composition of the material. Resistance to thermal shock is particularly 

important in power engineering and welding. A change of temperature several times, based on local heating 

and cooling during welding, may cause unfavourable changes in structure and properties [7-10]. 

2. MATERIAL AND METHODOLOGY OF RESEARCH 

The tests were carried out on 21CrMoV5-7 steel. This is a boiler grade steel. The scope of the tests included 

measurements of steel hardness, determination of impact strength at room temperature, 0 ºC, -20 ºC and -

40ºC, microstructure investigation and determination of resistance to thermal shocks, which was made at the 
station designed in the Department of Foundry Engineering Częstochowa University of Technology Figure 1. 

The chemical composition of the tested steel is included in Table 1. 

Table 1 Chemical composition of tested material [mass. %] 

Element C Mn Si P S Cr Ni Cu Mo V 

 0.194 0.423 0.317 0.008 0.002 1.24 0.168 0.132 1.11 0.256 
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Figure 1 A device used during tests of thermal shock [6]  

3. RESULTS 

The analysis of microstructure showed that the tested material is characterized by a very uniform grain size of 

about 2 to 10 μm, which corresponds to the range of standards normalized to ASTM E 112 (ISO 643: 2003) 

10-15. Even distribution of grain size indicates a high degree of material processing, which may indicate that 
the material was forged or hot-rolled (Figure 2). The material hardness was determined using the Vickers 

method (HV30) and showed a value of 245. 

a)  b)  

Figure 2 Microstructure of steel 21CrMoV5-7 a) general view, b) in detail 

The next step was to perform impact strength tests, which were carried out at room temperature, 0 ºC, -20 ºC 
and -40 ºC, and the results are presented in Table 2.  

Table 2 Breaking energy and impact strength of the 21CrMoV5-7 steel, measured at different temperatures 

Temperature [ºC] 24 0 -20 -40 

Energy of breaking [J] 244 214 205 200 

Impact strength [J / cm2] 305 267.5 256.25 250 

On the basis of obtained values of breaking energy was found that the tested material is characterized by very 

high resistance to dynamic loads (impact strength). It should be emphasized that such high properties achieved 
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even at -40 C guarantee a high safety threshold in real working conditions. In addition, it should be remembered 

that the material was analysed in the initial state not heat treated. On the basis of the comparative criterion 

derived from the PN-EN ISO 148-1 standard, it was found that each of the breakthroughs is characterized by 
ductile fracture, Figure 3. 

a)  b)  

Figure 3 Breakthrough of the 21CrMoV5-7 steel sample a) room temperature (24 °C) b) at -40 °C 

The reasons for high impact strength and ductility of the material have to be found in a high degree of 
throughput, uniform grain size and fine, occurring in the entire volume of carbide precipitation, Figure 2b. 

To determine the resistance of 21CrMoV5-7 steel to thermal shocks, a special device was used, designed and 

built in the Department of Foundry of the Częstochowa University of Technology, enabling repeated heating 

and cooling of samples. To the tests of determination of the resistance to thermal shocks were used specially 
made samples, Figure 4. The shape of the sample was chosen so as to facilitate initiation of cracks at its 

sharpened corners. 

 

Figure 4 View of samples for assessing heat shock resistance 

After heating the sample to a given temperature (measured with the use of a pyrometer), the samples was 

turned over by 180°, so that the side heated up to 500°C was immersed in water (at 23 °C) and cooled. The 

number of cycles was measured by means of a counter. The work involved 5 series each about 400 cycles 
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(200 cycles for each side of the sample). The time of heating the sample to the set temperature (500 °C) was 

in each case 13 seconds, than the sample was turned over by 180° and cooled in water. In series 1, 420 cycles 

were performed, after the series 2 the sample was subjected to 840 heat shocks, after the series of 3-1260, 

and after the series of 4-1680. After this series, first cracks were observed, however the sample was subjected 
to one more series of 380 cycles. Figure 5 shows the appearance of samples after 1 series after 4 and after 

the series 5. After each series, the samples were evaluated using a macroscope and the results obtained are 
shown in Figures 6 - 9. 

a)   

b)    

Figure 5 The view of samples a) after 1 series, b) after 5 series 

 

Figure 6 Macroscopic view of the sample surface after 1 series heat shock  
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Figure 7 Macroscopic view of the sample surface after 4 series heat shock, marked crack of material 

 

Figure 8 A macroscopic view of the sample surface after 5 series heat shock area about 153 x 3 mm 

  

Figure 9 Examples of surface cracking of the test sample after 5 series of heat shock 

Performed heat shock resistance tests showed that the tested material is characterized by high resistance to 

heat shocks. Cooling from around 530 ºC to 23 ºC in about 1- 2 seconds, or from 507-251 ºC / s should be a 

destructive factor. The shape of the sample with the pointed tip should also affect the acceleration of 

destruction in this area. As shown by the tests carried out only repeated cooling and heating led to the 
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appearance of cracks. The first cracks were observed after a series 4 of 1660 cycles. After the end of series 

5, an increase in the number of cracks was observed. As the research indicates, the material is also 

characterized by high resistance to thermal fatigue, as evidenced by the length of cracks ranging from about 

3 to 7.5 mm. 

4. CONCLUSION 

The material for testing was 21CrMoV5-7 steel from the type of boiler steel intended for operation at elevated 

temperatures (up to 600°C, however, on steam turbines this temperature is around 530 °C), dedicated to the 

professional power industry and resistant to deformation. The carried out research allowed formulate the 

following conclusions: 

1) High impact strength is the result of a high degree of processing, fine, uniformly distributed grain and 

carbide precipitates.  

2) Uniform hardness, maintained at around 246 HV30, guarantees uniformity of the tested mechanical 

properties.  

3) High impact strength, at -40 ºC up to 200 J / cm2, testifies with a huge reserve of durability for dynamic 

destruction determined by the energy of breaking, because the tested material is not intended to work 

in such conditions.  

4) High resistance to heat shocks has been confirmed in experimental studies. 

5) An additional parameter specified in the above work was the resistance to thermal fatigue, because the 

first cracks occurred only after fourth series of heat shock (840 cycles for each side). 
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Abstract 

The article deals with the design of a vehicle dismantling component. It is the front axle of the SUV, with a 4 x 

4 drive produced by Brembo. The main part of the article describes design of the dismantling product, which 

allows a reliable removal of the scrap assembly by a hydraulic press. Subsequently design of the individual 

parts of the product and the process of disassembling the scraper knuckle from the whole assembly to the 

individual parts is described. The material of product components is designed with respect to the safety and 

maximum load of the hydraulic press. Finally, a technical and economic evaluation is carried out for the 

dismantle product, which calculates the financial savings associated with the practical use of the disassembly 

tool. 

Keywords: Knuckle, dismantle jig, undercarriage component 

1. INTRODUCTION 

Tke knuckle of car-body is the dismantlig jig part of which is designed and constructed for. This knuckle is 
assembled with cast aluminum body and metallic elements (Figure 1). The main part is the aluminum frame 

of knuckle, and a steel hub with internal grooving and five screws mounted on the head of the hub. Another 

component is a two-row ball bearing from NTN-SNR, which assures the movement of the hub in the knuckle 

[1]. This bearing is then secured with an inner ring according to DIN 472 to a diameter D = 98 mm. The knuckle 

also includes a steel bushing with an outer diameter d = 30 mm. All of these components are assembled into 

an aluminium body of knuckle on a single assembly line, where the bearing is not pressed into the bush, which 

is then locked by a locking ring. Then hub is pressed into this bearing in the same press. As a last assembled 

component is a steel bushing pressed into the side of the body of knuckle. 

 

Figure 1 Assembly of knuckle 

If a product defect is found during machining or assembly of knuckle, it is necessary throw out the entire 

assembly between the scrap pieces and remove this part from the line. For example defect may be a badly 

milled groove, a drilled hole, or poor fitting [2]. The scraper knuckle travels to the disassembly area of the scrap 

components. Here it is a necessary to dismantle all the metal parts of the aluminum body of the knuckle so 

that the body can be sent to the foundry for fusion. The problem of the existing disassemble is destruction of 

disassembled parts such as bearing [3] and hub. 
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In economic therms, when the knuckle is labeled as SCRAP, and already contains all the components as 

bearing, hub and bushing, all these components are subject to destruction during the actual dismantling, even 

if the scrap was detected on the aluminum parts. The bearing and the hub are some of the more expensive 

items in this assembly since the aluminum body of knuckle is to be rolled again. 

2. DISMANTLING JIG DESIGN 

One of the main problems of the existing disassembly is the more sophisticated and also the safer attachment 

of the disassembled parts in the work area of the press. In the first dismantling step, the needle assembly must 

be secured in the work area to avoid any displacement or fall of the knuckle. For this reason, it is necessary 

to construct the jig, which will be clamped in the working space of the hydraulic press. For disassemble the 

knuckle jig is made for clamp entire assembly and next to disassemble it step by step without removing the 
operator in the working area of the press (Figure 2) during the contact of the piston with the disassembly part. 

This jig is divided into 3 positions according to the disassembly procedure (Figure 3). At each position, one of 

the steel component is disassembly for which these positions are precisely adjusted [4]. 

 

Figure 2 Disassembly knuckle on the jig 

Disassembly on this product is using the P30 / ML [5] hydraulic press, used in the current method. The jig is 

placed on the hydraulic press in the working space on the transverse beams by means of guiding grooves with 
movable cylindrical segments of diameter ds = 5 mm (Figure 4) which provide for the displacement of the 

preparation on the beams of the press. 

Securing the knuckle on the jig was done by means of centering pins. These centering pins serve for the 

positioning of the lining pads. Two of these pins are longer and serve additionally as the centering elements 

of the knuckle. The pins have thread with M12 on length 15 mm to prevent the pin from projecting from the 

bottom of the base plate. The pads that are attached to the pins serve to position the knuckle so that the hub 

axis with the bearing is identical to the axis of the mandrel that will be disassembled [6]. 
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Figure 3 Clamping part of the jig Figure 4 Cylindrical segments for moving the jig  

into press 

The bearing is disassemble at position 2 (Figure 5). Position 2 is on the disassemble jig, mainly in shape. This 

position is a milled groove with a rounded shape that matches the shape of the hub. This rounding follows the 
part of the hub that is supported by the pressed bearing (Figure 6). When dismantling, the hub-bearing 

assembly is inserted in such a way that the bearing is supported by the jig and the thorn pushes the hub 

downwards out of the bearing. In this case, it is necessary to design the jig so that there is no large deflection 

or damage to the jig during dismantling since the force of the hub mounting in the bearing can reach up to 

35.000 N. 

  

Figure 5 Example of disassemble bearing           Figure 6 Position for disassembly hub out of the  bearing 

To dismantle the remaining part, the bushing serves as position number 3 (Figure 7). At this position is a hole 

with a diameter bigger than the maximum diameter of the bushing is drilled in the jig. A steel tube (half-wave 

V-weld over the entire diameter) is welded to this opening with a diameter of the inner diameter equal to the 

hole in the jig, that is 42 mm. A groove for securing the locking segment is formed on the tube. 

This locking segment serves to secure the knuckle against tilting or otherwise pulling out the pipe face  
(Figure 8). The knuckle are insert on the tube with a bushing arm so that the largest diameter of the bushing 

is inserted into the upper tube opening and the axis of the bushing is identical to the axis of the pipe.  
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Figure 7 Position for removing bushing           Figure 8 Example of disassemble bushing 

The jig is designed in such a way that the disassembled component is installed and disassembled without the 

need for the holding the component by the operator. As for the problem of the thorn jamming possibility, three 

spindles are designed for this disassembly variant, used to mold individual components. Each of the thorn has 
a given diameter for the disassembly operation (Figure 9). Additionally, they have thorns on the head of cones, 

used to accurately guide the thorn over the disassembled part. 

 

     Figure 9 Thorns for disassemble of the knuckle            Figure 10 Clamping part of the thorn 

Table 1 - Properties and chemical composition of the material 

Properties Values 

Ultimate tensile strength Rm (MPa) 520 - 628 

Yield point Re min (MPa) 333 

Hardness (HB) 274 

C (wt. %) 0.2 

Mn (wt. %) 1.6 

Si (wt. %) 0.55 

P (wt. %) 0.5 

S (wt. %) 0.45 

A component which serves as a spacer between the piston and the thorn were used for the clamping of the 

thorns to the hydraulic piston. It is a clamping part, which is formed by a rubber band at the place of mounting 
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of the hydraulic piston (Figure 10). Hydraulic piston clamping is solved by a ISO 4762 M16 hexagon socket 

head screw with which the clamping part tightens. Clamping of the thorn on this clamping part is accomplished 

by means of a dovetail groove with an angle β = 55°, which is provided with each thorn. With this dovetail 

groove and the clamping part on the press piston, the respective thorn on the piston is clamped at each 

operation, and it is not necessary for the operator to hold it dangerously in the working space of the 

press.Critical place of the preparation is position 2. In this position, the bearing is removed from the hub, which 

can be stretched to Fnm = 35.000 N. The model of the base plate of the jig was subjected to the number 2 load 

test at Fnm = 35.000 N. The product was designed from S355J2G3 steel according to EN 10025-2 (11 523 

according to ČSN) 

The strength analysis of the 2nd position of the disassembly base plate was developed in the ANSYS 

Workbench version 17.2. During the simulation, the base plate at position 2 was loaded with a force of Fnm = 
35.000 N, simulating the removal of the hub from the bearing (Figure 11). For the simulation, material values 

identical to the proposed S355J2G3 material were used [7]. 

It can be seen from the results that the maximum deflection of the stressed part on the jig is not bigger than 
0.2 mm, which is negligible for this product (Figure 12). According to the following output it can be stated that 

the resulting stress is about 120 - 130 MPa, which satisfies the proposed steel. The stress peaks emerging 

around the handle holes are misleading and negligible as these holes are not functional areas of the 

disassembly position of the device. According to the strength analysis, it is clear that the proposed S355 J2G3 

material is suitable for the preparation [8]. 

          

      Figure 11 Deflection at disassembly site        Figure 12 Stress in the loaded place 

3. CONCLUSION 

The disassembly procedure is similar to the previous variant, but its steps are more sophisticated and 

guarantee the dismantling safety and prevent destruction of the disassembled parts. From this perspective, 

the return of the tested disassembled parts back to production is the main technical and economic benefit. In 

the case of a dismantled bearing, it is a very complex check. This part has not been 100 % checked yet whether 

the rolling segment has not been pushed inside. Even such annoyance can lead to a reduction in service life 

for the bearing. For this reason, it is not planned yet to deploy the dismantle bearings until the bearing has 

undergone all tests. However, the hub as a disassembled part can be checked mainly visually. 

If there is no damage or change dimension in the hub at the bearing place during the removal of the hub from 

the bearing, it is possible to return the hub back to production. In the case of a bushing, it is also possible to 

return to production, but after checking the change of the shape of a larger number of pieces. According to the 
information, the average annual scrap rate of these types of weights is 0.88 %. Subsequently, the return of the 
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disassembling jig was recalculated after returning part of the dismantled hubs back to production, which did 

not exceed a quarter of a year. 

From a safety point of view, when disassembling the jig, the disassembly spikes are secured against jamming 

during the press operation. Each disassembled component is clamped during the press operation itself. In this 

respect, it is not necessary to manipulate the disassembled part by the operator during disassembly, thus 

eliminating the safety risk of injuring the operator during disassembly. 
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Abstract  

The paper deals with the effect of heat treatment parameters on mechanical properties and microstructure of 

low alloy high-strength steel 55 Cr3. The material standard of this steel defines the hardening temperature 

interval from 830 to 850 °C, which brings about the question of minimum soaking time in order to dissolve 

carbide particles and to homogenize austenite before quenching. The higher is the heating rate the higher is 

also the temperature that ensures perfect transformation of the initial microstructure into austenite and makes 

optimum conditions for desired final microstructure and properties of the steel. The dilatometric analysis 

performed on the samples simulating different conditions of austenitization confirmed that the incomplete 

austenitic transformation moved the curves of pearlitic and/or bainitic transformation in CCT diagram of the 

steel to the left, i.e. towards shorter times. After cooling the mixed microstructure containing not only the 

desired phases (bainite and/or martensite) but also a significant proportion of pearlite, including the original 

undissolved pearlite, was detected.  

Keywords: Low alloy high-strength steel properties, heat treatment, dilatometric analysis, CCT diagram   
       echanical properties, microstructure 

1. INTRODUCTION 

It is well-known that the parameters of heat treatment of structural steel significantly affect their final material 

properties. It is also well-known that the result of heat treatment can be influenced besides chemical 

composition by the initial microstructure, too, and that this microstructure has close relation to the 

manufacturing technology of steel semi-finished product. The presented paper describes the effect of lowering 

austenitizing temperature of rods made of the steel grade 55 Cr3 where the original austenitizing temperature 

920 °C was lowered due to economic reasons down to 840 °C. Although such a low temperature is acceptable 

according to the material standard (EN 10089, annex D) [1], its application has changed the resulting 

microstructure and mechanical properties of the final product due to the uncompleted high temperature 

transformation into austenite. The aim of this paper is to present performed material analyses that allowed 

understand the structural response of the insufficiently heat-treated rods made of the steel 55 Cr3. 

2. EXPERIMENTAL MATERIAL AND PERFORMED ANALYSES 

Hot rolled rods of diameter 20 mm made of steel grade 55 Cr3 were used for experimental verification of the 

effect of heat treatment on the material properties and microstructure. Chemical composition of the rods is 
stated in Table 1. Rods were delivered in as-received state, i.e. after controlled cooling on Stelmor conveyor. 

Table 1 Chemical composition of rod made of steel grade 55 Cr3, (mass %) 

C Mn Si P S Cu Ni Cr Al W Mo V Nb 

0.562 0.93 0.292 0.010 0.005 0.01 0.02 0.87 0.021 0.01 0.003 0.005 0.002 
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The performed experiment consisted of dilatometric measurements of transformation temperatures and 

construction of continuous cooling transformation (CCT) diagrams; all these experiments were carried out on 

dilatometer Bähr DIL 805 A by using the absolute method (direct record of the length expansion of the sample 

in relation to temperature). In order to explain how the undesirable microstructure formed during heat treatment 

after in-shop heat treatment, series of dilatometric samples were cooled down from austenitizing temperature 

840 °C, with various cooling rates and the CCT diagram of the 55 Cr3 steel was determined by the dilatometric-

metallographic method under the following conditions: 

• austenitizing temperature 840 °C: holding time 3 s, cooling rates (in °C / s) 100, 9, 6, 3, 1, 

• austenitizing temperature 920 °C, holding time 3 s, cooling rates (in °C / s) 9, 6, 3, 1. 

Austenitizing temperature 920 °C was implemented into experimental program for comparison the new results 

with those obtained from previously routinely used method of austenitization. 

3. EFFECT OF AUSTENITIZING TEMPERATURE ON MICROSTRUCTURE OD 55 Cr3 STEEL 

First of all, the phase transformation temperatures Ac1 and Ac3 were experimentally determined by dilatometric 
measurement of slowly heated dilatometric samples. The values are stated in Table 2 together with the results 

of calculations according to various formulas [2 - 4] All these calculated results were in quite good consistency 

with the measured ones. It is clear, therefore, that the suggested austenitization temperature 840 °C is quite 

acceptable for this steel because both measured and calculated values are lower more than 70 °C.  

Table 2 Calculated values of transformation temperatures (°C) 

According to: Ac1 Ac3 

Hougardy [2] 733 766 

Trazska [3] 735 763 

Kasatkin [4] 739 767 

All individual cooling curves were plotted in the time-temperature axes and two CCT diagrams were built by 

combination of dilatometric and metallographic results, one CCT diagram is valid for austenitizing temperature 
840 °C, the other for 920 °C, see Figures 1a and 1b.  

   

Figure 1 CCT diagram of steel 55 Cr3 austenitized at (a) 840 °C, (b) 920 °C (Ms calc. acc. to Andrews [5, 6]) 

Results of metallographic analysis, which is an integral part of building a CCT diagram aimed in qualitative 

and/or quantitative determination of the individual phases appearing in the steel depending on the individual 
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cooling rate. The phases present in the microstructure are stated in Table 3, together with the corresponding 

hardness. 

The dilatometric and metallographic analysis was also performed on a sample in the as-delivered state and 

on a sample that was cooled down after heating to 840 °C and 3-minute dwell at this temperature in the high 

speed (100 °C / s). This sample was chosen in order to reveal the effect of austenitization temperature on the 

resulting microstructure. The dilatometric record of the both samples austenitized at 840 °C with dwell time for 
3 seconds and 3 minutes is shown in Figure 2, from which it is clear that the resulting structure is the same, 

fully martensitic, but the longer dwell time reflected in lower transformation temperature and higher hardness 
(see Table 3), most probably as a results of full pearlite decomposition and/or carbide dissolution during longer 

time that the sample spent at high temperature. 

Table 3 Effect of cooling rate on phases and hardness in the steel, austenitizing temperature 840 and 920 °C 

Cooling rate Austenitized at 840 °C / 3 s Austenitized at 920 °C / 3 s 

(°C / s) Microstructure Hardness HV 10 Microstructure Hardness HV 10 

100 M 795 - - 

100 M 863 * - - 

9 P(B) 297 M+B 733 

6 P(B) 260 M+B 702 

3 P 254 M+B+(P) 514 

1 P 258 P 325 

* - dwell at austenitizing temperature for 3 minutes 

 

Figure 2 Record of dilatometric measurements of samples austenitized at 840°C with dwell 3 s and 3 min.[7] 

Nevertheless, the structural changes between these two samples were so subtle that they had not mirrored in 
the microstructure, as can be seen in the comparison of microstructures shown in Figure 3. However, the 

higher austenitizing temperature shifted the beginning of the pearlitic transformation to longer timer and also 
allowed bainite to appear in the microstructure, compare Figures 1a and 1b. Therefore, when compared 

sample austenitized at 840°C / 3 s and 920 °C / 3 s and cooled down at rate 6 °C / s, the microstructures and 

also material properties are quite different; sample austenitized at 840 °C transformed into a mixture of pearlite 
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and bainite (Figure 4), while sample cooled down from 920 °C transformed into martensite with a small portion 

of bainite (Figure 5). This sample had also nearly three times higher hardness (702 versus 260 HV). 

  

Figure 3 Detail of microstructure after heat treatment at 840 °C / 3 s / 100 °C / s (left) and 840 °C / 3 min / 

100 °C / s (right) 

  

Figure 4 Microstructure of steel 55 Cr3 austenitized 

at 840 °C / 3 s/ 6 °C / s 

Figure 5 Microstructure of steel 55 Cr3 austenitized 

at 920 °C / 3 s / 6 °C / s 

The explanation for such a material behaviour during austenitizing at different temperatures was found during 
evaluation of dilatometric records of these samples. As can be seen in Figure 6, the transformation into 

austenite started in both cases at the same temperature (around 770 °C), but in the sample austenitized at 

840 °C the austenitizing was not completely finished due to fast heating rate and very short dwell time that did 

not allow necessary diffusion processes accomplishing the transformation. It is generally known that the 

formation of austenite takes place at temperatures higher than the transition temperature Ac3 and the whole 

process can be divided into three stages: 

• transformation of pearlite into austenite, which starts with cementite dissolution followed by the 
transformation of ferrite, 

• dissolution of carbides, particularly in case of steels alloyed by strong carbide forming elements, 

• homogenization of austenite. 

The fact that transformation of the steel at 840 °C did not completely finished, namely the desired 

homogenization of austenite During the subsequent cooling, the austenite decomposed into pearlite (blue 
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curve in Figure 6). On the other hand, in the second case, when austenitization temperature was 920 °C, fully 

homogenized austenite transformed into mixture of martensite and bainite (see black line in Figure 6). 
 

Figure 6 Record of dilatometric curves of heating and cooling of specimen austenitized at 840 and 920 °C 

These results confirmed the fact that transformation depends not only on the temperature, but also on the 

heating rate and dwell time. The higher is heating rate the higher is also the temperature that ensures perfect 

transformation of the initial microstructure into austenite and makes the optimum conditions for obtaining the 

desired final microstructure and properties of steel. Fast heating, short holding time and low austenitizing 

temperature 840 °C, which are used in the manufacturing of the rods, do not allow the above described 

austenitizing stages to completely finish. Such conditions of incomplete austenitic transformation then move 

the curves of pearlitic and/or bainitic transformation in CCT diagram to the left, i.e. towards shorter times 

(higher cooling rate). After cooling the mixed microstructure contained not only the desired phases (bainite 

and/or martensite) but also a significant proportion of pearlite, including the original undissolved pearlite. 

4. CONCLUSION 

Although material standard EN 10089 specifies the temperature of austenitization as low as 840 °C (according 

to the information table), the performed experimental work showed that in order to obtain desirable material 

properties, it is necessary to set up appropriate heating and cooling conditions. When an extremely short dwell 

time at such a low temperature is used, austenitization is not completed at 840 °C and during subsequent 

cooling the nonequilibrium austenite decomposes into a soft mixture of pearlite and bainite instead of hard 

martensitic microstructure. 

The above stated example shows the importance of knowledge of the principles of material design and also 

material behaviour during its processing. The sole pressure towards increasing productivity thus can bring 

about considerable difficulties. 
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Abstract  

Compression helical springs operate frequently under varying loads and deflections. High strength steels are 

typically used by the manufacturers, but high UTS value should not degrade toughness and fatigue resistance, 

which can be achieved by control of steel composition and proper heat treatment. In this paper was 

investigated failure of helical compression springs used on a train coach. Analysis included assessment of 

mechanical properties and observation of microstructure and fracture surfaces. Provided springs were made 

from 51CrV4 steel from different heat numbers. Results of tensile test showed high ultimate tensile strength, 

well above declared material properties but lower elongation. Nominal energies of Charpy impact tests were 

less than 20 % of required values. Chemical composition of steel complied with specification. Fractography 

analysis in SEM revealed brittle fracture on the whole surface without any striations otherwise indicating fatigue 

failure. Observation of microstructure revealed tempered martensite in whole cross-section without distinctive 

segregations, but prior austenite grain size was larger than specified almost by the factor of two. It was 

concluded that cause of failure was synergic effect of larger grain size, quenched microstructure and high UTS 

resulting in low fracture toughness and resistance to impact loadings. 

Keywords: Spring steel, fracture, mechanical testing, microstructure, fracture toughness 

1. INTRODUCTION 

Helical compression springs or coil springs are one of the primary elastic members of the vehicles suspension 

systems and serves as connection between the wheels and the rest of a body. Their primary function is to 

absorb energy and dampen the shocks received by the wheel. This absorption and following release of energy 

comes through elastic deformation and returning to initial length when unloaded. These dynamic operating 

conditions mean that helical springs are prone to failures, very often by fatigue mechanism but another failure 

mode is also possible if the working conditions or material properties of spring are not acceptable. Raw 

materials defect, surface imperfections, improper heat treatment, corrosion and decarburization are generally 

recognized causes of fatigue failure of suspension spring. Roughness of the material surface and presence of 

inclusions also acts as a stress raiser in the springs [1,2]. 

Trends in the vehicles industry aim for continuous weight reduction as well as improvement of coil performance. 

This means that springs are nowadays subjected to larger stress compared to previous generations, placing 
higher demands on material properties and manufacturing quality. Spring manufacturers uses several types 

of steel, but high strength steel are regularly used, in the range strength from 1200 to 1800 MPa. High quality 

springs require also fine-grained microstructure with low inclusions content [3]. But final properties depend 

also on hot forming processes and final heat treatment. Overall, the use of spring steels with good hardenability 

to provide required mechanical properties, high ductility and toughness is recommended [4]. 

Efforts to develop high strength spring steels have introduced processes to improve properties not only by 

optimum chemical composition and heat treatment, but through micro-alloying, shot-peening or grain-

refinement. Lowering austenitizing temperature increases tensile strength of martensitic steels and addition of 

Nb and V has been found beneficial due to precipitation of finely-dispersed carbonitrides [4] 
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One of the commonly used is hypo-eutectoid steel 51CrV4, which is usually heat treated in furnace to the 

temperature 30 to 50 °C above Ac3 for the homogenization of austenite and subsequently quenched and 

tempered. The tempering diagram gives information about the mechanical properties as a function of the 

tempering temperatures. Minimal impact toughness measured on Charpy-V specimens must be given in case 

of spring steel, preferably also with the values of fracture toughness. [5] 

In this paper were investigated causes of failure of helical compression springs used on bogie subsystem of 

train coach, which have failed in service. The bogie/truck subsystem design of locomotives ensures the load 

distribution and ride comfort. The bogie is consisted of primary and secondary suspensions. The primary 

suspension connects wheel set to the bogie frame and its main function is to isolate the body from track 

irregularities, to give the passengers an acceptably comfortable ride and to maintain vehicle track loads within 

acceptable limits. The secondary suspension function is to connect the bogie frame to the body and provide 

the required stiffness and freedom of movement in all coordinates. [6] Springs were made from heat treated 

51CrV4 steel. No further information about specific operating conditions or events preceding the fracture 

occurrence was given. 

2. EXPERIMENTAL PROCEDURE 

2.1. Visual observation 

Two helical springs were provided for investigation, designated by their respective numbers - 1286 and 1490. 

Springs type were of open and ground type, which means the ends were grounded flat and last half-coil is 

inactive. Fracture surface was located on the first active coil in case of No. 1490 spring, while the rest of No. 

1290 was sawed off - Figure 1 and no information of fracture position in respect to spring was given. Polymer-

based black coating which protects surface from corrosion was severely worn. Fracture surfaces were not 

protected from the environment, therefore were covered by uniform layer of rust. Surfaces were cleansed by 

Nital etchant for further inspection. Appearance of the fracture surface area pointed out area of origin which 

was later observed by scanning electron microscope - Figure 2. Edge of the fracture surface extended at 

angle 45° towards the spring axis, which is typical for torsional failure under cyclic torsion [1,2]. An artefact of 

bend edge is visible on spring No. 1286 but located aside from the area of possible crack origin and was not 

taken into consideration of fracture causes. 

  

Figure 1 Fractured helical springs. (a) No. 1490 and (b) No. 1286 
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Figure 2 Close-up of the cleansed fracture surfaces (a) No. 1490 and (b) No. 1286 

2.2. Microstructure observation 

  

Figure 3 Microstructure of spring No. 1286 after etching in (a) Nital 4 % and (b) Villela 

  

Figure 4 Microstructure of spring No. 1490 after etching in (a) Nital 4% and (b) Villela 

Standard metallography specimens were prepared from the area close to fracture surface. Prevailing oxide 

type inclusions were observed in polished condition but not evaluated according to standard. Nital 4 % etchant 

was used to reveal microstructure which consisted of tempered martensite in the whole cross-section with 

minor decarburization on the surface. Depth of decarburization was later estimated by hardness testing. 

Furthermore, specimens were etched in Villella’s reagent to evaluate primary austenitic grain size. Lineal 

intercept procedure was used to determine the grain size number G which were found to be G = 4 for both 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

894 

specimens. Grain size was consistent within whole diameter of the springs. This grain size was found to be 

inadequate as the grain size of manufactured springs must be at least G = 8. Observed microstructures of 
springs are shown on Figure 3 and Figure 4 in etched conditions. 

2.3. Mechanical testing and chemical analysis 

Two specimens for tensile test and three for Charpy impact test were prepared from each spring to test 
mechanical properties by respective standards. Obtained results are presented in the Tables 1 and 2. Values 

of yield strength and ultimate tensile strength were found to be higher than specified by the manufacturer, in 

average by 30 MPa for YS but considerably higher in case of UTS - average of 1742 MPa vs. specified 1500 

MPa for spring No. 1286 and 1725 MPa vs. 1563 MPa for spring No. 1490. On the other hand, elongation A5 

should reach values up to 9.4% and 10.5 % respectively but was found to be lower. 

Table 1 Results of the tensile testing  

Specimen E YS UTS Fm L0 d0 S0 Lu A5 Z 

GPa MPa MPa kN mm mm mm2 mm % % 

1286/1 209 1599 1754 87,94 40 7.99 50.14 42.5 6.6 23 

1286/2 211 1535 1749 87,69 40 7.97 49.89 42.43 6.7 24 

1490/1 206 1537 1725 85,85 40 7.96 49.76 4.75 6.3 24 

1490/2 213 1526 1726 85,69 40 7.95 49.64 42.24 6 23 

Table 2 Results of the Charpy impact test 

Specimen no. Impact energy [J] Notch toughness KCU5 [J / cm2] 

1286-1 2.46 

2.27 

4.91 

4.55 1286-2 2.22 4.44 

1286-3 2.14 4.29 

1490-1 1.61 

1.81 

3.21 

3.62 1490-2 1.68 3.37 

1490-3 2.14 4.29 

Results of Charpy impact tests conducted on KU5 specimens pointed out very low impact energy and overall 

notch toughness, on average 4.55 J / cm2 for spring No. 1286 and 3.62 J / cm2 for No. 1490. Material certificate 

specifies values of notch toughness to be higher than 50 J / cm2.  

Hardness HRC was measured across the diameter from the surface to the centre with average hardness 45 

HRC for spring No. 1286 and 47 HRC for No.1490. Hardness declared by the manufacturer is within the range 

from 426 to 527 HBW, therefore hardness values were adequate. Decarburization of the surface was tested 

by HV 0.1 hardness testing according to standard to the depth of 1730 µm with the row of 12 indentations. 

Depth of decarburization as the depth, where the hardness reached that of the core was found to be around 

400 µm. 

Chemical composition of spring materials was determined by glow discharge spectrometer. Results are 
presented in Table 3. Composition was found to be in accordance with the provided standard of the 

manufacturer for 51CrV4 steel grade. 
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Table 3 Chemical composition of spring materials 51CrV4 (wt. %)  

Specimen C Mn Si P S Cu Ni Cr Mo V Al-c H (ppm) 

1286 0.541 1.06 0.33 0.009 0.0118 0.020 0.031 1.183 0.008 0.170 <0.002 1.1 

1490 0.534 1.05 0.33 0.009 0.0116 0.020 0.024 1.180 0.006 0.161 <0.002 1.6 

2.4. Fractography analysis 

Fracture surfaces and the areas of probable fracture initiation based on the macro observation were studied 

in SEM. In addition, fracture surfaces of Charpy impact test specimens were also observed. Specific defect 

acting as a notch or stress raiser and precise origin of fracture was not observed on the surface of the springs, 

but such identification was found to be difficult due to state of the surface with multiple pits of uniform corrosion. 
Fracture surfaces of both springs consisted of brittle intergranular fracture. Figure 5 shows edge of the fracture 

in the possible initiation area of the No. 1286 spring, where pitted surface with remnants of rust are visible in 
backscattered electrons. Figure 6 shows higher detail of the fracture surface of specimen from impact test 

with distinctly visible grains which proves low energy fracture and low toughness of the springs.  

  

Figure 5 Edge of the fracture - spring No. 1286 Figure 6 Fracture surface of impact specimen 

3. CONCLUSION 

Thorough failure analysis of failed helical compression springs was conducted. This included visual 

observation of fracture surfaces, determination of mechanical properties, microstructure observation and 

fractography in SEM. Tensile properties, hardness and chemical composition of the material met 

specifications. Results of impact test showed very low notch toughness, well below specified values. Further 

finding from the observation of microstructure was that austenitic grain size G was measured to be G = 4 

instead of specified G = 8. It must be pointed out that this condition did not influence results of tensile tests 

significantly, on the contrary UTS of the material was higher than required, although with lower elongation A5. 

Influence of the surface corrosion would require further analysis, but it must be pointed out that protective paint 

layer should not be severely worn as it was observed. It was concluded that springs failed due to sudden brittle 

fracture, most likely caused by sudden impact loading. Primary cause of failure was attributed to the fault in 

SIMD - VSB TUOaccelerating voltage = 20.0 kV mag = 28.750 ×

2000 µm

SIMD - VSB TUOaccelerating voltage = 20.0 kV mag = 141.22 ×

200 µm
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the process of heat treatment resulting in austenitic grain growth, lower cohesive strength of grain boundaries 

and overall low toughness of the springs. 
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Abstract 

This work deals with the influence of hydrogen on the mechanical properties of TRIP 780 type C-Mn-Si steel. 

Tensile test bars were hydrogenated in 0.1N sulfuric acid solution with the addition of KSCN during the slow 

strain rate tensile tests (SSRT). Due to the presence of hydrogen in the steel microstructure, there was 

a significant decrease of elongation at fracture from 33 % to 3 % and a decrease of tensile strength from 

868 MPa to 642 MPa, respectively 658 MPa at current density 5 or 1 mA⋅cm-2. The yield strength slightly 

increased from 505 MPa to approximately 517 MPa after hydrogenation. The relative change of elongation at 

fracture due to hydrogen was expressed by the index of hydrogen embrittlement F, which exceeded 95 %. The 

fracture surfaces of the tensile test bars were subjected to fractographic analysis. The presence of hydrogen 

during the tensile test influenced the failure mechanism and manifested itself by the occurrence of the quasi-

cleavage fracture at the fracture surface. 

Keywords: Hydrogen embrittlement, TRIP steel, deformation, slow strain rate test (SSRT) 

1. INTRODUCTION 

TRIP steels are the new generation of multi-phase low-alloy materials that show increased values in ductility 

and strength and by that meet requirements of high- strength, well formable materials in automotive industry. 

The individual components in cars can be produced from this type of material relatively thin, because TRIP 

steels report sufficient ductility necessary for high deformation processes like pressing, while preserving 

strength and properties characterising ability to absorb impact energy. After heat processing, it is possible to 

obtain three-phase structure formed by ferrite (50 - 60 vol. %), bainite (25 - 40 vol. %) and retained austenite 

(5 - 15 vol. %), which transforms during plastic deformation under certain conditions to deformation-induced 

martensite. This transformation is called TRIP effect (transformation induced plasticity). For the TRIP effect to 

occur, the microstructure has to contain 10 - 15 % austenite. This may be reached by chemical composition 

which must contain elements that prevent carbide formation and stabilize austenitic matrix, e. g. silicon, 

manganese, carbon or aluminium. These steels achieve very high strength thanks to TRIP effect, but 

simultaneously the keep good formability and high energy absorption at deformation. That is why they find 

wide application in various industries. In the automotive industry, they are used for side rails, dashboards, roof 

racks, seat frames, longitudinal beams, bumpers, etc. They found an application also in aviation on aircraft 

cladding or in medical services for surgical needles [1-7]. 

As with other steels, also with TRIP steels the mechanical properties depend mainly on the chemical 

composition and processing conditions. TRIP steels can achieve the tensile strength in the range of 590 to 

900 MPa with good plastic properties. The ductility ranges from 21 to 30 %. Fatigue properties are similar to 

martensitic high strength steels. TRIP steels achieve good fatigue properties mainly due to the presence of 

retained austenite in the structure and deformation-induced austenite transformation during loading. The 

disadvantage of TRIP steels is relatively low yield strength due to the increasing density of dislocations in the 

ferrite and near the interface with martensite. The yield strength can be increased by the proportion of bainite 
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in the structure. The ferritic phase has the greatest influence on the mechanical properties because it is 

represented in the structure the most. The yield strength is influenced by the content of alloying elements, then 

by grain refinement and hardening of the solid solution. Bainite also has an influence on the tensile strength, 

due to the fact, that higher bainite fraction are generated during higher cooling rates after inter-critical 

annealing, thereby increasing the tensile strength [1-2]. 

The most important barrier is their surface finish by galvanic zinc coating. Zinc coating is a relatively simple, 

cheap and efficient surface treatment process. It is used in large quantities for steels in automotive industry. 

The original TRIP steels contained a high content of silicon as an alloying element, which serves primarily to 

inhibit cementite phase formation. This relatively high silicon content causes the oxide formation before the 

zinc coating process of the steel surface and thus degrades the properties of the zinc protective layer. These 

problems are suppressed by adding aluminium as a substitute for silicon [2]. The main sources of hydrogen 

leading to IHE (Internal Hydrogen Embrittlement) for high-strength steels are solutions that are used for 

electrolytic plating or pickling [8]. The influence of hydrogen on the degradation of TRIP steel properties is 

discussed in this article.  

2. EXPERIMENTAL PART 

2.1. Material description and microstructure 

Steel TRIP 780 of a type C-Mn-Si was delivered after two-stage cold rolling and after one-stage hot rolling. 

The surface of this steel is usually treated by hot dip galvanizing or by galvanic plating. Tensile strength of this 

steel is in range of 780 to 900 MPa, yield strength 450 to 550 MPa and ductility should be higher than 23 %. 

According to the fact that this steel has excellent plastic properties and good energy absorbing ability, it is used 

for safety features of bodywork in automotive industry, specifically for the production of safety reinforcements, 

bumpers, beams and B pillars [1]. 

A sheet metal of 1,17 mm thickness without surface treatment was delivered for experimental purposes. The 

chemical composition of commercially produced sheet metal, from which samples were taken, was determined 

by glow discharge optical emission spectrometry GDOES method on the device GDA 750 of the company 

Spectruma and is shown in Table 1.  

Table 1 The chemical composition of steel TRIP 780 in wt. %. 

C Mn Si P S Cr Ni Mo 

0.203 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 

As mentioned above, the microstructure of TRIP steel is formed by ferrite (α), bainite, (αB) and by retained 

austenite (M/A). Metallographic samples of default samples were observed in polished and etched condition. 

Etching was carried out in 2% Nital. Samples were observed by an optical metallographic microscope Olympus 

IX70 (zk. OM, Figure 1) and by a scanning electron microscope JEOL 6490LV in mode of secondary electrons 

(abbrev. SEM, Figure 2). The material showed high metallurgic cleanliness. Complex inclusions based on 

aluminium oxide and calcium sulphide, inclusions based on aluminium oxide organised in the direction of rolling 

and sharp-edged inclusions of titanium nitride occurred in the microstructure. The size of individual inclusions 

was appx. 10 µm. 
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Figure 1 Microstructure of steel TRIP 780, 

longitudinal direction, etched in Nital (OM) 

Figure 2 Microstructure of steel TRIP 780,  

longitudinal direction, etched in Nital (SEM) 

2.2. Mechanical properties 

Samples for the tensile test were taken by a method of electrical discharge cutting in longitudinal direction to 

the direction of rolling. All samples were before the tensile test treated by hand grinding with a grinding paper 
of 800 grain size. The initial cross-section of the tensile test specimen S0 was 11.70 mm2, initial measured 

length L0 = 50 mm. Tensile tests were run on testing machine ZD10 with the deformation speed 

of 2,7⋅10-5 s-1. The values of yield strength Rp0,2, tensile strength Rm and ductility A50 of tested samples in initial 

state are shown in Table 2. 

Electrolytic hydrogen charging was carried on simultaneously with ductility test. Test samples were put into a 

special cell. The sample was connected as a cathode, platinum-plated wolfram mesh as an anode. The 

electrolytic hydrogen saturation was carried out in 0.1N solution of H2SO4 with an addition of 1 gram of KSCN 

to 1 litre of solution with the current density of 1 or 5 mA⋅cm-2 (with voltage 28,9 V).  

For evaluation of hydrogen embrittlement of individual samples, so called index of hydrogen embrittlement 

was used [9]. This index marked as F (eq. 1) describes the change in ductility between not hydrogenated and 

hydrogenated test samples related to the ductility of samples in initial condition without hydrogen.  

� � bÒ�bå
bÒ

∙ 100 (1) 

where  

F - index of hydrogen embrittlement [%] 

A0 - ductility of tested initial samples without hydrogen [%],  

AH - ductility of tested samples with hydrogen [%]. 

When comparing mechanical properties of samples that were hydrogenated during tensile test with current 

density at 5 mA⋅cm-2 with samples in initial condition without hydrogen, it can be stated that hydrogen had only 

insignificant influence on the yield strength, but tensile strength significantly decreased by 226 MPa and 

ductility by 29 %. The index of hydrogen embrittlement was 95 %. 

Samples that were submitted to hydrogen saturation during the tensile test with current density at 1 mA⋅cm-2 

showed similar trend of mechanical properties. When comparing to samples in initial condition without 

hydrogen, a little increase of yield strength occurred, but tensile strength decreased by 210 MPa and ductility 

again decreased by 30 %. The index of hydrogen embrittlement was 93 %. Little increase of yield strength and 
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tensile strength decrease compared to samples in initial condition can be attributed to lower current density at 

which hydrogen penetrates to steel and therefore probably lower hydrogen content in steel. 

For samples that were hydrogenated in solution without KSCN with current density at 5 mA⋅cm-2, it was 

confirmed that KSCN helps easier diffusion of hydrogen into steel. Samples showed slightly lower yield 

strength compared to samples in initial condition, then a decrease in tensile strength only by 91 MPa occurred 

and ductility lowered by 22 %, where these samples showed lower index of hydrogen embrittlement F, and 

that was 80 %.  

Tension diagrams of selected samples are summarized in Figure 3.  

Table 2 Mechanical properties of samples in initial condition and after hydrogen saturation in different  

  conditions 

Sample indication 
I 

[mA·cm-2] 
Rp0.2 

[MPa] 
Rm 

[MPa] 
A50 

[%] 
F 

[%] 
RA 

[vol. %] 

Initial state without H -  505 ± 1  868 ± 1  32.5 ± 0.2 - 3.2 

State during hydrogen charging 
0.1N H2SO4+KSCN 

5  516 ± 20  642 ± 16  3.3 ± 0.1 94.6 ± 0.1 7.7 

State during hydrogen charging 
0.1N H2SO4+KSCN 

1  517 ± 3  658 ± 7  2.7 ± 0.1 93.4 ± 0.3 7.6 

State during hydrogen charging 
0.1N H2SO4 

5  496 ± 1  777 ± 3  10.3 ± 0.4 79.5 ± 0.9 - 

State after hydrogen charging 
0.1N H2SO4+KSCN, 4 hours [10] 

1  559 ± 15  753 ± 28  6.8 ± 0,8 83.3 ± 2.2 6.7 

 
Figure 3 Dependence of the strength on the elongation of selected steel TRIP 780 samples 

The volume fraction of retained austenite was observed on four selected samples (Table 2) by X-ray diffraction 

analysis on the machine Bruker-AXS D8 Advance with 2θ/θ measurement geometry and detector LynxEye. 

The volume fraction of retained austenite depends on the deformation stage at which deformation induced 

transformation of retained austenite to martensite occurs. The sample in an initial condition of material without 

hydrogen and without applied deformation contained 14.9 vol. %. After deformation till the damage during the 

tensile test without hydrogen a decrease in volume fraction of retained austenite to 3.2 vol. % occurred under 
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the influence of TRIP effect. For hydrogenated samples in both current densities only partial transformation of 

retained austenite to martensite occurred because of lower plasticity, and it was to 7.7 vol. %.  

Mechanical properties of steel TRIP 780 samples after 4 hours hydrogen charging and following tensile test 
without hydrogen can be seen in Table 2. These values were measured within the work [10]. When comparing 

to mechanical properties of samples that were hydrogenated during the tensile test, it can be concluded that 

sampled that were hydrogen charging for 4 hours and then submitted to the tensile test without hydrogen, have 

better mechanical properties than samples that were hydrogenated during the tensile test. Samples that were 

hydrogen charging for 4 hours showed higher yield strength by 42 MPa, then higher tensile strength by 95 

MPa and greater ductility by 4.1 %. All these values are also connected to the lower index of hydrogen 

embrittlement which was for pre-hydrogenated samples in average of 83 % and for samples that were 

hydrogenated during the ductility test 95 %. Compared values of mechanical properties of hydrogenated 

samples before and after tensile test confirm that steel TRIP 780 is more subjected to hydrogen embrittlement 

if there is hydrogen penetrating during the deformation which probably relates to a mechanism of hydrogen 

atoms transfer during the dislocation movement.  

2.3. Fractographic analysis 

Fractographic analysis was performed in secondary electron mode on the scanning electron microscope JEOL 

6490LV. The fracture area of the sample deformed in the initial state without hydrogen is formed by two types 

of fracture: a transgranular ductile fracture with dimple morphology at the edge of the fracture surface and a 
transgranular cleavage fracture at the centre of the fracture area (Figure 4). 

Due to the presence of hydrogen in the TRIP steel microstructure, the crack propagation mechanism has 

changed. A mixed fracture consisting of a transgranular ductile fracture with dimple morphology and 

a transgranular cleavage fracture is evident. Quasi-cleavage fracture, so-called fish eye, occurs in the area of 
non-metallic inclusions and segregation belts (Figure 5). 

  

Figure 4 Fracture area of the sample deformed in 

the initial state without hydrogen (SEM) 

Figure 5 Fracture area of the hydrogenated 

samples,quasi-cleavage and transgranular ductile 

fracture, detail (SEM) 

3. CONCLUSION 

The aim of this paper was to observe concurrent influence of hydrogen and deformation on mechanical 

properties of steel TRIP 780. Generally, it can be stated that hydrogen embrittlement showed primarily by 

a decrease in tensile strength of tested steel TRIP 780 and by significant decrease in ductility. Presented 

results show that the higher current density is, the higher amount of hydrogen penetrates the steel and causes 

greater loss of utility mechanical properties. For samples that were hydrogenated without KSCN was confirmed 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

902 

that KSCN helps easier diffusion of hydrogen to steel. This paper confirmed strong propensity of TRIP steels 

to hydrogen embrittlement and it is significant that hydrogen embrittlement occurs more significantly during 

hydrogen penetration to steel during deformation, and therefore at relatively short saturation times (orderly in 

units or maximum tens of minutes), rather than in long-term (several hours) effect of hydrogen before 

deformation itself. 
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Abstract 

In this paper we present a mathematical model for evaluating the Lankford coefficient (LС) in automotive sheet 

steels as a function of the ferrite grain size after hot rolling, the degree of cold rolling reduction, the chemical 

composition, and the volume fractions of perlite and bainite in the final structure. Empirical parameters values 

of the model were determined using the experimental data base on average LC in 138 strips of 13 steel grades, 

produced at PJSC Severstal, with a significant range of chemical composition variation. Complementary, 

databases on calculated steel microstructure parameters after hot rolling, and after heat treatment of cold-

rolled strips on a continuous annealing line were used when creating the model. There is a satisfactory 

agreement between the results of LC calculations made by the developed model and the experimental data. 

The mean absolute value of relative error in the calculations for considered steels is 7.1 %. 

Keywords: Mathematical modelling, Lankford coefficient, automotive steels, cold rolling, annealing 

1. INTRODUCTION  

Deep drawing ability is an important technological characteristic of the automotive sheet steels determining 

the quality of the body parts obtained by stamping. This ability is directly proportional to the Lankford coefficient 

(LC) [1]. LC value is defined as a ratio of true deformation in width to corresponding deformation in thickness 

when a flat specimen is stretched (usually at 20 %). The average LC value is calculated as: rm = 0.25 (r0 + 2r45 

+ r90), where r0, r45, r90 are LC values determined on samples cut along the rolling direction and at the angles 

of 45 and 90° to it. A practical importance of LC caused a large number of studies of complex LC dependence 

on steel chemical composition and technological parameters of sheet production [2-4]. LC depends on the 

ratio of texture components {111} / {100} and increases with increasing fraction of the {111} component 

(fraction of the recrystallized grains with {111}-planes lying in rolling plane). LC decreases with increasing free 

C content in steel structure before cold rolling. In IF-steels this content is reduced by additional micro-alloying 

with Ti and Nb. An increase in Mn, as well as in P and S contents, leads to decrease of LC. The data from 

various sources on the effect of ferrite grain size before cold rolling differ. Increase of grain size and of cold 

rolling reduction lead to an increase of LC. 

In this paper we describe mathematical model for evaluating LC in automotive sheet steels produced at PJSC 

"Severstal". The set of empirical model parameters values was determined using the experimental data base 

for an average LC value for different steel grades. 

2. INVESTIGATED STEELS AND DATABASES USED FOR MODEL CALIBRATION  

In developing the model experimental database on LC mean value was used for 138 strips of 13 steel grades 
with average chemical composition presented in Table 1. Hot rolling of steels was carried out at the mill 2000 

of PJSC "Severstal". After subsequent cold rolling strips were heat treated on continuous annealing line. LC 
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measurements in final sheet with thickness varied from 0.6 to 2.0 mm for three directions (r0, r45, r90) were 

carried out using a standard industrial procedure. Complementary, databases on calculated steel 

microstructure parameters after hot rolling and after cold-rolled strips annealing were used when creating the 

model. Calculations for the hot rolled and cold-rolled and annealed structures were performed using the 

integral computer models STAN 2000 [5] and CRP-1, respectively. 

Table 1 Average chemical compositions of the steels (wt. %) 

Steel Number 

of strips 

С Mn Nb Ti P 

DX56D 6 0.004 0.11 - 0.069 0.010 

01YuТ 4 0.005 0.11 - 0.068 0.006 

CR3 4 0.004 0.11 - 0.072 0.006 

HX220YD 9 0.006 0.62 - 0.067 0.037 

HX260YD 13 0.005 0.71 - 0.068 0.058 

HX180BD 22 0.004 0.24 0.017 0.018 0.019 

HX220BD 9 0.004 0.57 0.016 0.017 0.029 

HX260LAD 2 0.08 0.33 0.023 0.015 0.010 

HX300LAD 25 0.07 0.35 0.027 0.016 0.010 

HX340LAD 22 0.07 0.43 0.040 0.015 0.010 

HX420LAD 20 0.08 0.88 0.069 0.017 0.013 

DP600 1 0.09 1.65 - - 0.014 

DP780 1 0.14 1.84 0.026 - 0.015 

3. CORRELATION DEPENDENCES OF LC ON VARIOUS PHYSICAL PARAMETERS 

After hot rolling most of the steels considered (DX65D, 01YuT, CR3, HX220YD, HX260YD, HX180BD and 

HX220BD, 67 strips) have polygonal ferrite (PF) structure. The structure of HX260LAD, HX300LAD and 

HX340LAD (49 strips) is a mixture of polygonal ferrite and a small amount of perlite (PF+ P). Predominantly 

ferritic structures of DP600 and DP780 (2 strips) contain small amounts of perlite and bainite (PF+P/B). The 

structure of HX420LAD (20 strips) is predominantly bainitic with a small amount of polygonal ferrite (B + PF). 

Figure 1a shows a correlation dependence of LC on the effective grain size calculated as: 

( ) ( )eff PF B

G G PF G B PF Bd d V d V / V V= + + , PF

Gd - polygonal ferrite grain size, B

Gd - bainite block size, 
PF BV ,V - 

volume fractions of ferrite and bainite after hot rolling, respectively. It can be seen from Figure 1a that for 

ferrite and ferrite-perlite structures there is a distinct tendency to an increase of LC with increasing effective 

grain size (for these structures: eff PF

G Gd d= ). At the same time for bainite structures of HX420LAD steel this 

trend is not traced. Figure 1b confirms a known correlation between LC and degree of a cold rolling reduction. 

Figure 1c shows LC dependence on the parameter
CwΣ calculated using the STAN 2000 program [5] (in which 

a physically justified quantitative model of the austenite decomposition is implemented): ( )C Ceq

PF

PF
w w TΣ ≡ ɶ

- 

equilibrium C content in ferrite at the end of the austenite-to-ferrite transformation during cooling after hot 

rolling; 
PFTɶ - average transformation temperature. It can be seen that there is a tendency of LC reduction with 

the increase of 
CwΣ  that is particularly pronounced for the ferrite-pearlite structures. 
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Figure 1 Correlation dependencies of the Lankford coefficient on different physical parameters of the model 

(trend lines are constructed using power functions): a) effective grain size, eff

Gd ; b) cold rolling reduction, ε; 

c) C content, w Σ
C ; d) Mn content, 

Mnw ; e) free Nb content, 
Nb

freew ; f) free Ti content, 
Ti

freew  
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Figures 1d,e,f show LC dependences on contents of Mn, free Ti (
Ti

freew ) and Nb (
Nb

freew ) retained in the 

austenite solid solution after hot rolling. Calculations of these contents are performed with STAN 2000 program 

according to the following equations: 

TiC

Ti Ti N S Ti3 4 1 5free
w w . w . w w= − − −                                                                                                           (1) 

Nb (C,N)

Nb Nb Nb

free
w w w= −                                                                                                                                  (2) 

where 
Tiw ,

Nbw ,
Nw ,

Sw - total contents of Ti, Nb, N, S in steel (wt. %); TiC

Tiw , Nb (C,N)

Nbw - mass fractions of Ti 

and Nb bound in TiC and Nb(C,N) particles formed in deformed austenite during hot rolling. For calculation of 

Ti

freew , it is taken into account that a part of Ti is removed from the solid solution at high temperatures (prior to 

start of hot rolling) due to formation of the TiN and TiS particles. There is a tendency to LC decrease with 
increasing free Nb content (Figure 1e). An increase in free Ti content leads to an opposite effect (Figure 1f). 

A clear dependence of LC on P content was not revealed, however this content is included in the set of physical 

parameters of the model. 

4. DESCRIPTION OF THE MODEL, MODELING RESULTS AND DISCUSSION 

In the proposed model the following expression is used to calculate average LC value: 

0 C Mn PGS PE B

m m m m m m m m m
r r r r r r r r r

ε= + ∆ + ∆ + ∆ + ∆ + ∆ + ∆ + ∆                                                                      (3) 

where different terms responds to the contributions of: 0

mr - constant base contribution, GS

mr∆ - grain size, 
mr
ε∆

- cold rolling reduction, C

mr∆ - С content, M n

mr∆ , P

mr∆ - Mn and P contents, PE

mr∆ , B

mr∆ - perlite and bainite 

in the final structure. The contribution of P was taken into account according to the data from literature 

indicating a decrease in LC when P content is increased. Perlite and bainite contributions are taken into 

account because their presence in final sheet structure leads to decrease in ductility affecting also LC. 

The following equations are used to calculate the listed contributions: 

( ) ( )GSGS eff

m GS G PF Br d V V
β

∆ = α +
                                                                                                              (4) 

PFV , BV
- volume fractions of ferrite and bainite in the structure after hot rolling,  

GS ,α
 GSβ

- empirical model parameters (EMP) 

mr
ε βε

ε∆ = α ε
                                                                                                                                               (5) 

,εα εβ
- EMP 

Mn

Mn Mnmr w∆ = α
                                                                                                                                        (6) 

Mnw
- Mn content, Mn ,α M nβ

- EMP 

P

P Pmr w∆ = α
                                                                                                                                              (7) 

Pw
- P content, Pα

- EMP 
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( )PE U D

m PE PE PEr V V∆ = α +
                                                                                                                          (8) 

U D

PE PEV V+
- pearlite volume fraction in the final structure, PEα

- EMP 

( )B U D

m B B Br V V∆ = α +
                                                                                                                              (9) 

U D

B BV V+
- bainite volume fraction in the final structure, Bα

- EMP. 

To describe the contribution of C the following approach is used: 

( ) ( )C

C C

Ceff U D

m PF PFr w V V
β

∆ = α +
                                                                                                            (10) 

C C C

C C

0

0 0

eff * *

eff *

w w , if w

w , if w

 = >


= ≤                                                                                                                      (11) 

Ti Nb Mn

C C C Ti C Nb C Mn

* free freew w w w wΣ  = − α + α + α                                                                                         (12) 

Cα , Cβ ,
Ti

Cα ,
Nb

Cα ,
M n

Cα - EMP, 
U

PFV , U

PEV , U

B
V - volume fractions of corresponding constituents in the final 

structure that have not undergone austenitic transformation during annealing, 
D

PFV , D

PEV , D

BV - volume fractions 
of the constituents in the final structure formed as a result of austenite decomposition after annealing. The sum 

in square brackets of (12) is used for an empirical evaluation of the total amount of C in polygonal ferrite grains 

that is in a bound state with the atoms of carbide-forming elements (Ti, Nb, Mn) in the corresponding clusters 

or fine precipitates formed in cooling a hot-rolled strip before coiling or during its subsequent slow cooling. In 

accordance with this C

*w
is equal to the amount of C, part of which remains n the solid solution in the 

thermodynamically equilibrium quantity, while the other, the "super-equilibrium" part, is released at the ferrite 

grain boundaries as tertiary cementite. Equilibrium C content in the solid solution under conditions of its 

interaction with the carbide-forming elements is a variable quantity depending on the contents of these 

elements. Taking into account the low C equilibrium quantity a simplified approach is used in the model (see 

equations (11), (12)) allowing its equality to zero. The obtained optimal values of EPM (other than zero) are 
presented in Table 2. 

Table 2 Values of the empirical model parameters (dimensions are obvious from the equations (4)-(11) 

EMP 0

m
r

 GSα
 GSβ

 εα
 εβ

 Cα
 Cβ

 
Ti

C
α  Nb

C
α  

Pα
 PEα  

Bα  

Value 2.52 3.6 0.8 0.5 0.8 -39 0.7 0.13 0.03 -9 -1 -1.98 

Figure 2 shows that results of calculations using the developed model are in good agreement with the 

experimental data. Average absolute value of the relative error in calculations for the entire set of steel strips 

under consideration is 7.1% that is comparable to the error in LC measuring. 

The values of 
Mnα and M n

Cα parameters turned out to be zero. A zero value indicates a practical lack of a 

direct influence of Mn in the solid solution on LC. The same M n

Cα parameter value shows that, in comparison 

with Ti and Nb, the contribution of formation of Mn clusters with C atoms is negligible. This is consistent with 

results of calculations of the binding energies in ferrite for Ti-C, Nb-C, Mn-C pairs that are, respectively, 0.2, 
0.3 and 0.07 eV [6]. Observed tendency toward a decrease in LC with increasing Mn content (Figure 1d) is 
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due to its other contributions in equation (3). Such contributions are GS

mr∆ and C

mr∆ . Indeed, an increase in 

Mn content leads, all other conditions being equal, to decrease in the temperature interval of austenite-to-

ferrite transformation and, accordingly, to decrease in the ferrite grain size, and also to increase in 
Cw Σ value. 

Values of the parameters Ti

Cα and Nb

Cα determining the C amount bound in ferrite upon alloying with 1 wt. % 

of Ti and Nb are equal to 0.13 and 0.03, respectively (Table 3). When passing to atomic percents, this ratio is 

≈ 2.2. Thus, the model "testifies" to significantly higher efficiency of Ti compared to Nb in binding free C. In 

case of Nb there is a dependence of GS

mr∆ and C

mr∆ on its content, which has the same nature as for Mn, i.e. 

free Nb leads to decrease in the ferrite grain size and to significant growth of 
CwΣ . For Nb these effects are 

stronger and make up a major cause of decrease in LC with increasing of Nb content in the steel (Figure 1e). 

In addition, we highlight the following result that seems to be important. In the literature, when discussing the 

C effect on LC, this effect is attributed only to free C content in steel structure before cold rolling that has no 

sufficient basis. A correlation dependence of LC on 
Cw
Σ parameter (first introduced in the present study) shows 

a decrease in LC with increase of
Cw
Σ that is particularly pronounced for steels with ferrite-perlite structure. This 

effect occurs when 
Cw
Σ

 
values vary in the range from 0.01 to 0.02 wt. %, which is much higher than free C 

content in the ferrite solid solution at cold rolling temperature. This means that LC depends not only on the 

content of C in solution, but also on its amount released at grain boundaries of ferrite as tertiary cementite. 

This conclusion is new and shows that additional free C appearing in the solution when ternary cementite 

particles are dissolved during heating of cold-rolled sheet significantly affects the recrystallization and resulting 

texture. The physical mechanism of this effect is of interest, and deserves further investigation and analysis. 

 
Figure 2 Comparison of the calculated and measured values of the Lankford coefficient 

<δ> is an average absolute value of relative error of calculations for the whole set of steel strips. 

5. CONCLUSION 

The mathematical model has been developed for evaluating LC as a function of the ferrite grain size after hot 

rolling, the degree of cold rolling reduction, the chemical composition of steel, and the volume fractions of 

perlite and bainite in the final structure. The results of LC calculations using the model created are in good 
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agreement with the experimental data. Average absolute value of the relative error of the calculations for the 

entire set of steel strips considered is 7.1 % that is comparable to the error in LC measurements. 

Physical mechanisms determining the observed dependences of LC on Mn and Nb contents are presented. 

To describe LC dependence on C content, its calculated amount in ferrite at the end of the austenite-to-ferrite 

transformation during cooling after hot rolling is first used. The conclusion is drawn that LC is determined not 

only by the free C content in solid solution before cold rolling, but also by its amount releasing at ferrite grain 

boundaries as tertiary cementite. 
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Abstract   

The article presents the results of corrosion tests of multi-groove pads made with the MIG method on a C45E 

steel substrate. The process of welding the multi-groove pads was carried out with constant parameters of the 

pad-welding process (i.e. current intensity, arc voltage, pad-welding speed). The results of previous tests 

allowed determine the optimal process parameters at which we obtain the smallest share of the base material 

in the padding. The pad-welding process was carried out at a current of 60 A and a wire feed speed of 2.5 mm 

/ min. With these parameters the value of the share of the base material in the slab is the smallest and amounts 

to 1.7 [-]. The samples were subjected to corrosion tests in two environments (3.5 % sodium chloride solution 

and 0.001 sulfuric acid solution). The assessment of corrosive properties was made on the basis of constant 

current measurements (potentio-dynamic method). On the basis of the research, the influence of the corrosive 

environment on the properties of corrosion properties of paddings was demonstrated. 

Keywords: Corrosion, sea water, optimization, hardfacing  

1. INTRODUCTION     

The wear of machine components takes place in all industries. Some parts stop functioning only because of 

lesser damage. Using the padding technique, it is possible to regenerate machine parts or improve the surface 

properties such as resistance to abrasion, corrosion and aging [1]. The process of regeneration with the use 

of padwelding can be carried out using the same equipment that we use for welding. Additional metals and 

their alloys with the required properties in the form of wire, wire with powder, powder or rod are selected for 

the additive, respectively. In order to ensure optimal technological and economic conditions, one should strive 

while ensuring high efficiency of the surfacing and a small share of the base metal in the padding. The surfacing 

process should be carried out using pre-heating in order to evaporate the moisture and reduce the porosity of 

the pad [2].  

The action of aggressive, electrochemical interaction of sea / outboard water also affects the deterioration of 

working conditions and the destruction of machine components. Corrosion activity of seawater depends on its 

salinity, chemical composition and temperature [3]. Corrosion protection of marine marine structures is 

achieved through the appropriate selection of materials with increased corrosion resistance and protective 

coatings. Corrosion of metals as a result of constant contact with sea water is of electrochemical nature.  

The purpose of the work is to check the suitability of surfacing in the fight against corrosion in seawater. 

Padwelding was chosen due to the continuous development of welding techniques and their widespread use 

in marine constructions. Additionally, thanks to padding, we can apply additional material other than native 

material, which is not possible in any application of additional coatings. The subject of the research is a sample 

of C45E steel, on which solid stainless steel wire was applied. Napoina was made by semiautomatic welding 

method. The purpose of the surfacing was to increase the corrosion resistance, the strength of the material 

with the least amount of substrate material. After completion of the surfacing and preparation, the sample was 

subjected to corrosion tests. The purpose of the corrosion tests was to check the corrosion resistance of the 

pad. For this purpose, tests were carried out in two corrosive environments: sulfuric acid and seawater. The 

constant current method was used for the tests. The corrosion resistance of materials has been evaluated by 

testing using an impedance spectroscope. 
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The problem of corrosion in the marine environment is commonly described and whipping in literature, Polish 
and foreign language articles. Charchalis [4] reports that the application of additional coatings reduces the 
value of the corrosion current density and increases the corrosion potential. The actual course of corrosion 
processes depends to a large extent on the additional material and the substrate material as well as the 
environment. Adamiec [5] showed a negative influence of the presence of iron on the padding surface. The 
formation of Fe3O4 oxide deteriorates the resistance of welders to corrosion and erosion. Krzysztof [6] in their 
research proved that welded, the smallest stainless steel sheet used in the tests undergoes the smallest 
corrosion damage and shows the highest resistance to corrosion in the spore 3.5 % of sea salt. 

2. RESEARCH METHODOLOGY 

In the previous studies, the influence of particular welding parameters on the value of relative errors scattering 
was analyzed using multiple variance analysis. The purpose of the quantitative assessment of the influence of 
arc welding parameters, i.e. the current I intensity and the vl wire feed rate on the content of the substrate in 
the padding (CSM). A randomized, orthogonal plan of the experiment was taken into account, taking into 
account the trivalence of independent variables, predicting the performance of 9 experiments with five 
repetitions. The selection of the current during welding of the C45E steel with the additional material CastoMag 
4554S was related to the short-circuit mode of transferring the liquid metal. Taking into account the current 
values changed in the range of 60 ÷ 90 A and the wire feeding speed of 1.5 ÷ 2.5 m / min, a plan of experiments 
was generated using the STATISTICA statistical program. On the basis of statistical analysis, it was found that 
the smallest CSM was obtained with the parameters: the padding process is carried out using the following 
parameters of the technological process I = 60 A, vl = 2.5 m / min [7]. The samples for testing were made of a 
C45E flat bar with a thickness of 6 mm. Solid CastoMag solid wire, factory marked CastoMag4554S, was used 
for padwelding. The chemical composition according to the manufacturer contains chromium. nickel and 
manganese. The diameter of the wire is 1.2 mm. The samples were subjected to blasting or preheated to  
100 ˚C. Then multi-groove pad were made. The welding process was carried out using the MIG method. The 
welding was carried out with the following parameters: arc voltage within 20 V, electrode wire outlet length  
15 mm, pivot angle of the wire pushing, left-to-right padwelding direction, polarity on the positive wire, shielding 
gas flow rate 16 l / min. The shielding gas was a mixture of 82 % argon and 18% carbon dioxide. Current I = 
60 A. Wire feed speed vl = 2.5 m / min and padwelding speed 2 mm / s. The MIG Mig c340 PRO MIG welder 
from ESAB was used to make the pads. 

In order to assess the corrosion properties, a direct-current electrochemical method - polarization - was used. 

This is a classic method. well-known and widely used. The measurement speed is significant compared to 

other test methods. Thanks to electrochemical polarization tests we are able to estimate the instantaneous 

rate of corrosion. as well as determine the nature of partial processes. [4] 

 T �  Tc�II  �³1 � û�
û8�

´ �¹¸ ³&.)�U� UVÑKK�
õ�

´ � ³1 � W û�
û8�W´ �¹¸ ³�&.)�U� UVÑKK�

õ� ´¡                                                          (1) 

where:   
j - polarization current density (mA / cm2) 

jcorr - corrosion current density (mA / cm2) 

E - polarization potential (mV) 

Ecorr - corrosion potential (mV) 

ba - anode ratio Tafel (mV) 

bk - cathode Tafel (mV) 

ja - density of the partial current of the anodic reaction (mA / cm2) 

jk - density of the partial current of the cathode reaction (A / cm2) 

jda - density of the anodic limit current (diffusive) (A / cm2) 

jdk - density of the anodic boundary current (diffusive) (mA / cm2) 
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Polarization measurement was performed in a three-electrode system. A 1.2 cm2 de-acetone sample, a 

platinum polarizing electrode and a reference electrode (calomel saturated) were placed in a vessel containing 

500 ml of 3.5 % NaCl solution (substitute sea water) at ambient temperature. Before taking measurements, 

the samples were subjected to one hour of exposure in the electrolyte. During the measurement, the electrolyte 

was mixed all the time. The polarization tests were performed with the ATLAS 0531 instrument. By registering 

the polarization curves j = f (E) in the range of ± 500 mV from the corrosive potential. The potential speed in 

all cases was 10 mV / min. In order to determine the values of values characterizing the corrosion properties 

of the tested material, the computer program "Elfit - corrosion polarization data fitting program" was used, 

which counts parameters from equation (1). To assess the effect of padding on corrosion resistance of steel 

the calculated values of corrosion current density and corrosive potential were used. 

3. RESEARCH RESULTS 

Figures 1 and 2 show exemplary polarization diagrams of welded pads of CastoMag4554S material obtained 

on a substrate made of C45E steel. Analysis of the polarization graphs showed that in the environment of the 

sulfuric acid solution, corrosion proceeds under activation control, and in the environment of 3.5 % NaCl 
solution, the diffusion constraints accompanying the reduction reactions were observed. Table 1 shows current 

density values jcorr corrosion and the corrosion potential Ecorr calculated from individual measurements for both 

corrosive environments. The obtained results were subjected to basic statistical analysis. 

 

Figure 1 Polarization curves of the tested samples in the sea water replacement environment 

 

Figure 2 Polarization curves of the tested samples in an environment of 0.01 M sulfuric acid 
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Table 1 Characteristic of examined materials corrosion resistance by using polarization curves method 

No Environment Ecorr 
[mV] 

Jcorr 
[μA / cm2] 

Environment Ecorr 
[mV] 

Jcorr 
[μA / cm2] 

1  

 

 

 

H2SO4 

-128.333 19.572  

 

 

 

NaCl 

-168.847 8.90804 

2 -318.809 8.32724 -290.742 35.1522 

3 -197.48 10.3546 -247.776 8.90804 

4 -241.809 37.4088 -437.589 1.29554 

5 -461.472 9.0891 -263.581 8.75307 

6 -102.713 8.57044 -220.999 13.5525 

7 -354.22 8.4232 -320.333 10.322 

8 -283.22 9.3211 -400.233 9.145 

9 -255.66 12.234 -370.322 11.333 

From the results of the statistical parameters presented in Table 2, a similar value of the standard deviation 

and the average value of the analyzed corrosion process parameter (jcorr) in all applied electrolytes were 

observed. For example, for tests carried out in a sea-water replacement environment, the mean value jcorr = 

11.8 μA / cm2, and the standard deviation value was 9.4 μA / cm2. The relatively high value of the deviation is 

related to the large spread of the obtained measurement results. The range is set to 34 mA / cm2. The high 

standard deviation and range can be the result of the appearance of indeterminate fatal errors during polarity 

measurements. To verify the hypothesis about the possibility of fatal errors, a statistical Grubbs test was used. 

The analysis was carried out at the assumed significance level of a = 0.05. 

Table 2 The results of basic statistical analysis for the values of corrosive current density 

Variables N important Average Confidence 
-95,000% 

Confidence 
95,000 

Distance Standard 
deviation 

Standard 
error 

0.01 M H2SO4 9 13.55 6.212 20.89 29.00 9.55 3.18 

3.5 % NaCl 9 11.77 4.579 18.97 34.00 9.36 3.12 

Table 3 Results of the Grubbs test for the a) value of corrosive current in the environment of 0.01 M sulfuric  

  acid, b) corrosive current value in the seawater substitute environment 

No. 
a) 

VALUE Test results (Z) 
SIGNIFICANT 
OUTLIER 

No. 
b) 

VALUE Test results (Z) 
SIGNIFICANT 
OUTLIER 

1 19.572 0.613  1 8.908 0.324  

2 8.327 0.561  2 35.152 2.493  

3 10.354 0.349  3 8.908 0.324  

4 37.409 2.476 P<0.05 4 1.295 1.142 P<0.05 

5 9.089 2.476  5 8.753 0.341  

6 8.570 0.536  6 13.552 0.174  

7 8.423 0.551  7 10.322 0.173  

8 9.321 0.457  8 9.145 0.299  

9 12.234 0.153  9 11.333 0.064  

The critical value Z for the Grubbs test was 2.22. The results of the statistical analysis were presented in 
Tables 3, 4. The obtained results of the analysis allow for the assumed level of significance (a = 0.05) for the 

statement that the values of corrosion current density jcorr = 37.409 mV / cm2 for 0.01 M sulfuric acid solution 
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and jcorr = 35.152 mV / cm2 for the sea water replacement environment are affected by the error thick 

measurements. Therefore, the basic statistical analysis was repeated, omitting the value of the corrosion 
current density, which were burdened with a thick measurement error, and its results are presented in Table 3 
and in Figure 3.  

 

Figure 3 The influence of the environment on the density of the corrosive current 

The test result for the corrosion potential parameter did not show the possibility of making a gross error, so 

no value needs to be removed in order to reduce the spread of results. The results of the basic statistical 
analysis for corrosion potential are shown in Figure 4. 

 

Figure 4 The impact of the environment on the corrosion potential 
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Table 4 Wald test results 

Variables Mean 

0.01M H2SO4 

Mean 

3.5% NaCl 

Z Level p 

H2SO4 

Level p 

NaCl 

jcorr [μA] 10.625 8.875 0.518 0.605 0.796 

Ecorr [μA] -262.667 -302.333 1.458 0.145 0.224 

Table 5 Kołmogorow - Smirnow test results 

Variables maximum negative 
difference 

maximum positive 
difference 

Level p Mean 
0.01M H2SO4 

Mean 
3.5 % NaCl 

jcorr [μA] 0.00 0.125 p> .10 10.625 8.875 

Ecorr [μA] -0.111 0.333 p> .10 -262.667 -302.333 

Standard deviation values in the case of current density and corrosion potential analysis are very similar for 

both environments. In order to check the significance of differences in the corrosion parameters of two 

independent variables, three nonparametric tests were performed: Walda - Wolfowitz, Kolmogorow - Smirnow 
and U Mann - Whitney. The test results for both parameters are presented in Tables 4 - 6. 

Table 6 Mann - Whitney test results 

Variables Mean 
0.01M H2SO4 

Mean 
3.5 % NaCl 

U Level p 
H2SO4 

Level p 
NaCl 

jcorr [μA] 70.000 66.000 30.000 0.834 0.829 

Ecorr [μA] 96.000 75.000 30.000 0.354 0.354 

The results of significance tests of differences for two independent variables showed that the value of the 

corrosion process parameters has no basis for rejecting hypothesis 0, which states that there are no 

differences between the studied environments. Therefore, with the probability of 95 %, it can be concluded 

that the corrosion process of paddings made of CastoMag 455S wire in the tested environments proceeds with 

the same speed. 

4. CONCLUSION 

The article is the introduction to a series of corrosion tests for the sea water environment and its impact on 

changes on the surface of machine parts and equipment. When measuring paddings made of CastoMag 

4555S wire on a C45E steel substrate obtained by MIG method with parameters: 60 A padwelding current and 

2.5 m / min wire feed speed. Corrosion current density in the sea water replacement environment is 8.9 μA 

and for 0.01 M sulfuric acid 10.6 μA. Corrosion potential for the sea water environment is -302 mV for 0.01 M 

sulfuric acid -263 mV. The statistical analysis carried out showed that the differences are statistically not 

significant, so it can be assumed that in both environments the corrosion process will proceed at a similar 

pace. 
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Abstract 

Speciation and speciation analysis is currently the subject of research in various domains of science and 

technology, such as chemistry, metallurgy, materials engineering, medicine and environmental protection, 

being an important factor in the material and environmental analytics development. Speciation is the 

occurrence of various physical and chemical forms of a given chemical element, the existence of species in 

tested material. Speciation analysis helps in identification of those forms and their quantitative marking in a 

given object. Therefore, assuming with a certain degree of simplification that speciation is the presence of 

various chemical forms of an element in a sample and the speciation analysis allows for quantitative 

determination of these forms, similarly in reference to metallurgical samples the notion of phase identification 

and phase analysis is used including chemical analysis as well. The rule, possibilities and limitations of 

chemical and electro-chemical phase isolation were also described. Chemical analysis of isolated phases in 

reference to metallurgy almost always meets the quantitative requirements of speciation analysis. Taking into 

account the numerous advantages of atomic absorption spectrometry (AAS), the role of the method was 

underlined as significant in research pointing out particularly the applications in determination of chemical 

composition of intermetallic phases type γ’ in multi-component nickel alloys and carbide phases in tool alloys. 

The determination of aluminium in steel is also presented with division into aluminium soluble in acids and total 

aluminium as a classic example of speciation analysis in metallurgy. 

Keywords: Speciation, speciation analysis, metallurgy, material science  

1.  INTRODUCTION 

Speciation is the occurrence of various physical and chemical forms of a given chemical element, the existence 

of species in tested material. Speciation analysis helps in identification of those forms and their quantitative 

marking in a given object. Therefore, assuming with a certain degree of simplification that speciation is the 

presence of various chemical forms of an element in a sample and the speciation analysis allows for 

quantitative determination of these forms, similarly in reference to metallurgical samples the notion of phase 

identification and phase analysis is used including chemical analysis as well. The identification of phases and 

inclusions, and their analysis are important for the quality of metallurgical products [1,2] and for the proper 

functioning of chemical and metallurgical laboratories. Direct phase identification is possible owing to the use 

of the following methods: X-ray diffraction, electron diffraction, scanning electron microscopy, X-ray 

microanalysis, Auger electron spectroscopy and electron backscattered pattern (EBSP) technique. Electron 

probe microanalysis (EPMA), electron spectroscopy for chemical analysis (ESCA) and chemical microanalysis 

(CMA) are used for the analysis of chemical compositions. Atomic Absorption Spectrometry (AAS) and 

iductively coupled Plasma (ICP) techniques are mainly applicable in the chemical analysis of electrolytically 

isolated phases [1-5]. This field of studies is part of the currently expanding research area, which includes 

speciation and speciation analysis. Phase identification basically fulfils the criteria for speciation. Much more 

difficult and complex in confrontation with phase analysis is the speciation analysis. The problems here 

concern quantitative requirements, i.e. the determination of the mass fraction of the individual phases 

(precipitates) and, above all, the precise determination of their chemical composition. 
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2.  CHEMICAL AND ELECTROCHEMICAL PHASE EXTRACTION  

Chemical and electrochemical anodic extraction of phases and inclusions is used as a tool in the determination 

of their content, structure and chemical composition [1-6].Chemical methods of phase extraction are rarely 

used nowadays, and this is due to a number of constraints and drawbacks, mainly associated with a very long 

duration of the dissolution process, difficulties in selecting suitable digestion mixtures and conditions for 

selective conversion of the sample matrix into the state of solution, ensuring at the same time the required 

degree of purity in the isolate obtained. These methods only apply to the separation of the most chemically 

resistant phases, like NbC, TaC, TiC, and VC carbides as well as some M (C, N) carbonitrides [1,3,5].  

Electrochemical methods of extraction are used to separate the complex carbides, nitrides and, above all, 

intermetallic phases, which play a fundamental role in complex materials research, especially in evaluating the 

quality of various grades of steel and multicomponent metal alloys [1-4].Electrochemical phase extraction can 

be performed in two ways: galvanostatic, i.e. at constant current density and, more frequently, potentiostatic, 

i.e. with constant potential [1,3]. In the latter case, electronic potentiostats, automatically supporting the 

potential of the electrode, are used. In the anodic phase extraction process, the following condition must be 

met: the dissolution potential of the primary metallic phase (solid solution) should be more negative than the 

solubility potential of the extracted phase. Typically, the extracted phase is precipitating on the anode in the 

form of fine dispersion powder. The test sample operates as an anode with appropriately selected electrolyte 

and voltage. These parameters are essential in the phase isolation process, which can also be regarded as a 

targeted and selective corrosion [3]. Schematically, with some simplifications, using the data contained in [3], 
the principle of electrochemical phase extraction is shown in Figure 1. 

 
Figure 1 The principle of electrochemical phases extraction [3] 

3.  TECHNIQUES OF TESTING ISOLATES 

Electrochemical isolation of precipitates, as one of the basic steps in phase analysis, enables - through the 

use of modern research methods - obtaining very valuable information on the morphology of metal alloys and 

the kinetics of chemical reactions. The use of analytical scanning electron microscopy (SEM) allows testing 

the isolate morphology. X-ray analysis of the isolate can determine the structure and parameters of the lattice, 

the phase composition and, possibly, the ordering processes taking place in the precipitates. It is worth 

stressing that the results obtained by these methods are free from the disturbing effects of the solid solution. 

The chemical analysis of the isolate made by a "wet method", or using other microanalytical instrumental 

techniques without the need for dissolution of this isolate, allows determining the exact chemical composition 

as well as the quantitative ratio of individual components present in the isolate, e.g. M23C6 carbide - 

(Cr16,3Ni3,6Mo3,1)C6  or (Cr21Mo2)C6  [1,3-8]. Determination of chemical composition of isolated phases in studies 
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of metallurgical materials is equivalent to speciation analysis in analytical chemistry. The Author of this chapter 

has developed a calibration method for the flame AAS, using one base reference standard and other modified 

version of AAS, that is flow injection technique [1,5]. 

4.  TOOL ALLOYS - SPECIATION AND SPECIATION ANALYSIS 

In the Department of Materials Science of the Silesian University of Technology, a research has recently been 

carried out on the concept of tool alloys with trace distribution of carbide segregations and on the development 

and implementation of a technology for the manufacture of semi-finished products and tools from these 

materials. In the investigated group of non-ledeburite tool steels, by major changes inroduce the chemical 

composition with respect to conventional high speed steels, the reduced level of segregations and changes in 

the phase composition of carbides were obtained. The essence of the solution, addressed mainly to the 

discussed grade of high speed steels, consisted in the replacement of conventional primary carbides of the 

M6C, M2C and MC type with MC type carbides formed by elements characterised by higher affinity for carbon 

than tungsten, molybdenum and vanadium, i.e. titanium and niobium [8-10]. The chemical composition of the 
investigated steel, designated as SM5Ti3Nb2, is shown in Table 1. In this high-speed steel of non-ledeburite 

class, in which tungsten and part of molybdenum and vanadium were replaced by titanium and niobium, the 

obtained phase composition and microstructure differed from other common steel grades included in this 

group. The prevailing carbides were large (over 10 μm) MC-type carbides in the shape of polyhedrons, often 

octahedrons, evenly distributed in the matrix, additionally accompanied by M6C and M23C6 carbides [5,8-10]. 

This was confirmed by the results of X-ray phase analysis demonstrating the presence of MC, M6C and M23C6 

carbides [1,7,8].  

Table 1 Chemical composition of tested SM5Ti3Nb2 tool steel in mass % [8] 

C Mn Si P S Cr W V Mo Nb Ti Al Zr Fe 

1.98 0.46 0.54 0.016 0.017 4.26 0.10 1.16 5.25 2.10 3.19 0.30 0.18 Matrix 

Knowing the average chemical composition of the carbide phase, when several types of carbides are present 

in the steel microstructure and form solid secondary solutions, the determination of their stoichiometric 

formulas is practically impossible. It is possible, however, to predict the precipitation and dissolution of carbides 

or their transformations during heat treatment and to indirectly determine the chemical composition of the 

matrix. These studies, carried out by the method of AAS method using a Perkin-Elmer Model 503 absorptions 

meter, were based on the use of carbide isolates obtained by electrochemical isolation (5 % HCl, 20 °C, 20 

mA / cm2) from sections of 25 mm diameter rods of the test steel previously subjected to different cycles of 

heat treatment. Carbon content was determined by the coulometric method using Strohlein's Coulomate. The 
results are shown in Table 2. Due to the presence of metallic constituents in the examined carbide isolates, 

detected by the X-ray phase analysis and using small magnets, attempts were made to remove the non-

carbide part of the isolates. For this purpose, two methods were used, i.e. application of small magnets and 

selective dissolution of the metallic residue.At the beginning, from a practical point of view, the use of small 

magnets seemed to be a very convenient and easy way to remove metallic particles present in carbide isolates. 

Unfortunately, further tests have proved that this procedure was not effective enough in separating the metallic 

residue from the matrix because, due to the high degree of the isolate refinement, the magnet - while attracting 

the metallic components - was also "catching" the fine particles of the carbide phase. Selective dissolution in 

acids leaving carbides undissolved has proved to be a much more effective way to remove the metallic residue. 

Based on the results of own experiments on the dissolution of metallurgical samples and using guidelines 

given by the technical literature [1,8-10], a 2 : 1 diluted orthophosphoric (V) acid, often included in the steel 

sample digestion mixtures, was selected for further investigations. The use of this acid has finally yielded the 

reproducible results.  
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Table 2 The results of AAS chemical analysis of carbide phase isolates [7] 

Isolate1) Content of elements in % by mass 

C 2) Mn Ti Cr Fe Mo V W Zr Nb 

1 10.52 0.41 12.60 13.30 19.90 18.40 3.96 0.85 0.65 9.35 

    1’ 3) 9.54 0.41 13.70 14.00 21.50 19.70 4.30 0.86 0.62 9.40 

2 8.29 0.19 16.60 4.92 25.00 12.90 3.24 0.84 0.75 12.21 

2’ 15.62 0.09 26.20 1.85 8.76 13.30 3.97 0.90 0.72 14.70 

3 8.94 0.09 15.20 8.31 10.50 14.40 3.60 0.86 0.61 9.10 

3’ 9.19 0.08 18.80 7.21 8.10 16.80 3.72 0.90 0.55 11.30 

1)1 - steel annealed (850oC/4 hours) 

  2 - steel hardened (1150oC/7 minutes) 

  3 - steel hardened (same as above) and tempered (2 x 540oC/1 hour) 

2) carbon content was determined by coulometric method  

3) `chemical composition of isolate treated with orthophosphoric (V) acid  

Considering the fact that some isolated carbide phases can contain different types of carbides that are 

qualifiable but not quantifiable, slight modifications to the acid mixtures given in papers [1,8-10] may be 

necessary to ensure that all types of the identified carbides are equally well dissolved. Then the average 

chemical composition of the isolated carbide phases is given. This is a typical example of speciation, but not 

speciation analysis. 

5.  SPECIATION IN CREEP-RESISTANT FE-NI ALLOYS 

In studies of iron-nickel alloys carried out by K. Ducki at the Silesian University of Technology [6], a modified 

austenitic X5NiCrTi25-15 grade, belonging to the group of creep-resistant Fe-Ni alloys precipitation hardened 

with γ' phase - Ni3 (Al, Ti), was developed and implemented in the production of tools used by non-ferrous 
metal processing plants. The chemical composition of the test alloy is given in Table 3. 

Table 3 Chemical composition of X5NiCrTi25-15 alloy used for testing [6] 

Content of elements in mass % 

C Si Mn P S Cr Ni Mo V W Ti Al Co B N Fe 

0.05 0.56 1.25 0.026 0.016 14.3 24.5 1.35 0.42 0.10 1.88 0.16 0.08 0.007 0.0062 55.3 

This part presents only fragmentary results of phase analysis studies performed by K. Ducki [6]. Studies of 

phase transformations and changes in morphology of the microstructural phase constituents, with attention 

focused on their effect on the strength and plastic properties of the tested Fe-Ni alloy, were conducted under 

conditions simulating the heat treatment process. The alloy was subjected to solution heat treatment 
(980 °C/2h/water) and prolonged ageing at 715, 750 and 780 °C for 0.5 to 500 h with air cooling in Table 4. 

The results of studies conducted by K. Ducki [7], presented in this chapter, fulfil all the requirements of 

speciation. The presence of so many phases in the test material makes their quantification required by the 

speciation analysis impossible. Only in some cases, and this to a limited extent, it becomes possible to roughly 

conclude what their quantitative fraction. 
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Table 4 Phase composition of Fe-Ni alloys after solution heat treatment and ageing at 715 °C [7] 

Alloy condition Phase constituents 

Solution heat treatment: 
980 °C / 2 h / water 

TiC; TiC0,3N0,7; TiN0,3; Ti4C2S2; Ni2Si; MoB 

Ageing: 
715 °C / 0.5 h 

TiC; TiC0,3N0,7; TiN0,3; Ti4C2S2; Ni2Si; MoB; 
G - Ni16Ti6Si7 

Ageing: 
715 °C / 2 ÷ 500 h 

TiC; TiC0,3N0,7; TiN0,3; Ti4C2S2; Ni2Si; MoB; 
G - Ni16Ti6Si7;  γ' - Ni3(Al,Ti) 

6. SPECIATION ANALYSIS IN MULTICOMPONENT NICKEL-BASED ALLOYS - γ' PHASE 

Multicomponent nickel alloys (superalloys or hyperalloys) can contain up to 18 alloying constituents, including 

nickel, cobalt, chromium, molybdenum, aluminium, titanium, niobium, tantalum, tungsten, vanadium, 

zirconium, boron, hafnium, silicon and carbon. All these alloys have a multiphase microstructure, which 

consists of four basic phases, i.e. γ solid solution, γ' intermetallic phase, carbides, and topologically closed 

packed intermetallic phases of σ and µ type. Taking into account the complexity of the chemical composition 

of these alloys, the suggested breakdown into individual categories is of an illustrative nature only. Nickel is 

the main alloying constituent and it determines the alloy structure, phase stability, and technical and 

technological properties. Cobalt reduces aluminium and titanium solubility in γ solution, and also affects the 

amount of γ` phase and the extent of its stability. The presence of aluminium, titanium and niobium increases 

hardness of the nickel alloys, mainly through precipitation of the dispersed γ'- Ni3 (Al, Ti) phase. Carbon, the 

content of which is up to 0.2 % by mass, reacts with carbide-forming elements and forms various carbide 

phases of the MC, M23C6, M6C and M7C3 type, characterised by different morphologies. Interactions of carbide-

forming elements make their atoms highly interchangeable, e.g. (Ti, Nb) C. In many cases, the volume fraction 

of the γ' phase precipitates in the structure of nickel superalloys is up to 68 %. Depending on the amount of 

alloying constituents added to nickel alloys and their final content in these alloys, and on the applied variant of 

alloy heat treatment, the chemical composition of the γ'- Ni3(Al, X) phase, where X = Ti, Ta, Nb, can vary in a 

very wide range of values. This is due to the fact that cobalt can replace nickel, while titanium, niobium and 

tantalum can occupy the position of aluminium in the ordered γ' phase lattice. Molybdenum, chromium and iron 

can replace both aluminium and nickel in the Ni3Al compound [1-7]. Typically, in the precipitates of γ' phase, 

the content of from five to ten metal elements is determined. The process of isolation of γ’ phase and the 

method of determining the content of metallic elements in γ’ phase isolates using AAS was described in detail 

in [1,5]. Exemplary results are shown in Table 5. 

Table 5 Chemical composition of alloy tested and the results of chemical analysis of γ' phase isolates  

Alloy Content of elements mass % 

C Cr Co Ti Al Ta W Mo B Zr Fe Nb Ni 

A 0.13 10.50 6.52 3.00 4.60 - 3.99 4.99 0.03 - 2.00 - 64.24 

Chemical composition of γ’ phase isolates in mass % 

Ageing, K C Cr Co Ti Al Ta W Mo B Zr Fe Nb Ni 

1123 - 3.02 3.08 3.71 6.10 - 4.56 1.98 - - - - R 

1223 - 4.73 3.09 3.84 6.56 - 4.97 2.32 - - - - R 

1323 - 3.88 3.28 5.41 6.49 - 5.22 2.62 - - - - R 
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7.  DETERMINATION OF ALUMINIUM IN STEEL AS A TYPICAL EXAMPLE OF SPECIATION AND 
SPECIATION ANALYSIS IN METALLURGY 

The problem of aluminium determination in steel using AAS method has already been described in detail in 

many papers, therefore in this chapter only the leading aspects of this methodology are briefly outlined citing 

the most commonly used analytical procedure [1, 9-12]. Aluminium in steel is determined in a fairly wide range 

of concentrations, but most commonly in the range of 0.002-0.060 %. Taking into account the range of 

concentrations so wide, aluminium is determined by both flame and flameless atomic absorption techniques 

[9-12]. H. Bosch et al. [11] have developed a rapid procedure for the determination of acid-soluble aluminium 

in steels in the concentration range of 0.002-0.060%. The standard deviation is then 0.001 %. F. Shaw and 

J.M. Ottaway [12] described the determination of aluminium in steel using flameless technique. For the 

determination of total aluminium, the residue was fused with a mixture of sodium carbonate and sodium tetra 

borate and dissolved in nitric (V) acid. I. Persson et al [13] utilised flameless technique for the determination 

of aluminium in various grades of steel.  

8.  SUMMARY 

Apart from the basic data on the chemical composition of metallurgical materials, modern research instruments 

also provide additional information on the types of phases, chemical compounds, etc. This information, in turn, 

when transferred to technologists and materials engineers allows them to upgrade the properties of the already 

manufactured products and design new metallurgical materials for specific applications. So, it can serve as a 

typical example of feedback between “(metallurgical) material analytics development” and “(metallurgical) 

technology development". This area also includes problems of phase analysis, speciation and speciation 

analysis in metallurgy [1]. Chemical analysis of isolated phases in reference to metallurgy and material science 

almost always meets the quantitative requirements of speciation analysis. 
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Abstract  

The formation of bimodal microstructure in a 316L austenitic steel subjected to large strain cold rolling and 

subsequent annealing and its effect on the mechanical properties were studied. The cold rolling was 

accompanied by the strain-induced martensitic transformation and grain refinement. The strain-induced 

martensite comprised 25 % after rolling to a total strain of 3. The deformation microstructures consisted of 

flattened austenite / martensite grains with the transverse grain sizes of about 130 nm. The steel with 

nanocrystalline structure exhibited high yield strength (σ0.2 = 1680 MPa), but low total elongation (δ = 5 %). 

The subsequent annealing was accompanied by austenite reversal, static recrystallization and grain growth. 

The annealing at a temperature of 700 °C (2 hours) led to a fully austenitic structure with bimodal grain size 

distribution. This bimodal microstructure consisted of individual micrometer-sized grains surrounded by the 

nanocrystalline matrix. The development of bimodal microstructure resulted in an increase of the total 

elongation above 15 % while maintaining high strength (σ0.2 = 960 MPa).   

Keywords: Austenitic stainless steel, cold rolling, grain refinement, annealing, recrystallization 

1. INTRODUCTION 

Steel and alloys with a nanocrystalline structure are important materials, because they have the high strength 

at room temperature [1]. It has been shown that the nanocrystalline structures could be obtained in almost all 

metallic materials after sufficiently large strains at relatively low temperatures [2, 3]. Austenitic stainless steels 

are characterized by rather fast kinetic of grain refinement during cold working owing to their susceptibility to 

mechanical twinning and martensitic transformation [4-6]. On the other hand, austenitic stainless steels with 

nanocrystalline structure exhibit low ductility at room temperature [7]. Development of a bimodal 

microstructure, in which separate coarse grains are arranged in a nanocrystalline matrix, allows obtaining a 

unique combination of high strength and plasticity [8]. The aim of present paper is to introduce our current 

studies on the development of bimodal microstructure in 316L austenitic stainless steel by cold rolling and 

subsequent annealing. 

2. EXPERIMENTAL 

A 316L austenitic steel (Fe-0.04C-17.3Cr-10.7Ni-1.7Mn-0.4Si-0.04P-0.05S-2Mo, all in wt. %) was 

investigated. The steel was hot forged at 1100 °С followed by air cooling to produce an initial annealed 

austenite microstructure. The plate cold rolling (CR) was carried out at room temperature to total true strains 

of ε = 3 (thickness reduction from 30 mm to 1.5 mm). The rolled samples were annealed at various 

temperatures in the range from 600 °С to 800 °С for 2 hours followed by water quenching. The microstructure 

characterization was performed using a Nova Nanosem 450 scanning electron microscope equipped with 

electron back-scatter diffraction (EBSD) analyzer on the sample sections normal to the transverse direction 

(TD). The transverse grain size was measured using linear intercept method on the orientation imaging 

microscopy (OIM) images as a distance between the high-angle boundaries (HAB), including twin-related  

Σ3 CSL boundaries. The dislocation density was estimated by counting individual dislocations in the grain / 

subgrain interiors revealed by transmission electron microscope, JEM-2100. The martensite fractions were 
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averaged through X-ray analysis, magnetic induction method and EBSD technique. The mechanical properties 

of processed samples were evaluated by means of tensile tests using flat specimens with a gauge length of 

12 mm and cross section of 3.0 × 1.5 mm2. The tensile axis was parallel to the rolling direction (RD). 

3. RESULTS AND DISCUSSION 

3.1.  Deformation and Annealing Microstructures 

The initial and deformation microstructures evolved in a 316L-type austenitic steel during cold rolling to a total 
strain of 3 are shown in Figure 1. The initial uniform microstructure consists of equiaxed austenite grains with 

the mean grain size of about 21 μm and a large fraction of annealing twins of ~0.5. The initial microstructure 

is characterized by a low dislocation density of about 2 × 1012 m-2. Cold rolling results in a flattening of the 

original grains and the development of micro-shear bands.  

 

Figure 1 Initial microstructure, deformation microstructure and grain boundary misorientation distributions 

evolved in a 316L-type austenitic steel. The black, white and red lines indicate the high-angle, low-angle and 

Σ3 CSL boundaries, respectively. The inverse pole figures are shown for the normal direction (ND) 
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Besides, cold rolling was accompanied by strain-induced martensitic transformation. The fraction of strain-

induced martensite (bcc-martensite) comprises 0.25 in the investigated steel after cold rolling to a total strain 

of 3. Therefore, the cold rolled microstructure consists of flattened wavy austenitic / martensitic grains with the 

mean grain size of about 130 nm, which are highly elongated along the rolling direction. Cold rolling leads to 

an increase in the dislocation density to 5.4 × 1015 m-2 and 4.8 × 1015 m-2 in austenite and martensite nano-

crystallites, respectively. The grain boundary misorientation distribution evolved at cold rolling looks like 

random distribution, which is superimposed with two peaks against small angles below 10° and large angles 

around 45°. The first peak is associated with a number of low-angle deformation sub-boundaries that are 

commonly brought out by plastic deformation [9]. The second peak around 45° can be attributed to martensitic 

transformation. The orientation relationships between austenite and martensite in stainless steels are close to 

those predicted by Kurdjumov-Sachs and Nishiyama-Wasserman, which result in misorientations of 42.9° and 

46°, respectively [4, 10]. 

Typical annealing microstructures evolved in the cold rolled samples are shown in Figure 2 and Figure 3. 

Annealing at a temperature of 600 °C does not result in remarkable changes of the morphology of cold rolled 
microstructure (Figure 2). The strain-induced martensite does not completely transform to austenite at  

600 °C. Therefore, two-phase microstructure with about 85 % of austenite and 15 % of martensite evolves 

during annealing at 600 °C. The presence of martensitic grains stabilizes the duplex (austenite-martensite) 

microstructure against grain coarsening during annealing at 600 °C. The mean austenitic / martensitic grain 

size was about 220 nm and the dislocation density was about 3 × 1015 m-2 after annealing at a temperature of 

600 °C. An increase in the annealing temperatures above 600 °C results in the complete transformation from 

strain-induced martensite to austenite followed by recrystallization of austenite.  

 

Figure 2 Typical microstructure and grain boundary misorientation distribution in a 316L-type austenitic steel 

subjected to cold rolling to a total strain of 3 and then annealed at a temperature of 600 °C. The black, white 

and red lines indicate the high-angle, low-angle and Σ3 CSL boundaries, respectively. The inverse pole 

figure is shown for the normal direction (ND) 
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Continuous recrystallization followed by normal grain growth leads to the formation of a bimodal microstructure 
at a temperature of 700°C (Figure 3). This bimodal microstructure is composed of individual equiaxed large 

grains with the mean size of 1-1.5 µm surrounded by the nanocrystalline matrix with the mean grain size of 

about 300 nm. It is worth noting that the grain boundary misorientation distribution is also characterized by a 

peak against small angles below 10°, and the dislocation density did not change significantly  

(ρ = 2 × 1015 m-2) after annealing at a temperature of 700 °C. An increase in the annealing temperature to 

800 °C accelerates significantly the recrystallization kinetics. The uniform microstructure with a grain size of 
1.2 µm develops in investigated steel after annealing at 800 °C (Figure 3). The rapid development of static 

recrystallization at 800 °C leads to an increase in the fraction of annealing twins to ~0.27 and a sharp decrease 

in the dislocation density (ρ = 0.03 × 1015 m-2). 

 

Figure 3 Typical microstructures and grain boundary misorientation distributions in a 316L-type austenitic 

steel subjected to cold rolling to a total strain of 3 and then annealed at temperatures of 700 °C and 800 °C. 

The black, white and red lines indicate the high-angle, low-angle and Σ3 CSL boundaries, respectively. The 

inverse pole figures are shown for the normal direction (ND) 

3.2.  Mechanical properties 

The engineering stress-engineering strain curves obtained by tensile tests of 316L steel subjected to cold 
rolling to a strain of 3 and annealing are shown in Figure 4. The large strain cold rolling results in a high 

ultimate tensile strength of above 1800 MPa and a quite low plasticity (total elongation δ ≈ 5 %) in the studied 

steel. Subsequent heat treatment improves plasticity of severely deformed steel. The optimum combination of 

strength and plasticity is observed in the sample with a bimodal microstructure (after annealing at 700 °C). 

Namely, the yield strength was about 960 MPa, the ultimate tensile strength was about 1055 MPa and the total 

elongation δ ≈ 17 %. Annealing at 800 °С leads to a recrystallized microstructure with a large grain size, thus, 

this sample has low yield strength about 530 MPa. 
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Figure 4 Tensile stress-strain curves for a 316L steel subjected to cold rolling to a strain of 3 and then 

annealed at the indicated temperatures 

4. CONCLUSION 

The microstructures and mechanical properties of a 316L austenitic stainless steel subjected to cold plate 

rolling and subsequent annealing were studied. The cold rolling leads to the duplex austenite-martensite 

microstructure with the transverse grain sizes of about 130 nm. The development of the nanocrystalline 

structure results in significant strengthening during cold rolling (the ultimate tensile strength of above 1800 

MPa). On the other hand, the sample after cold rolling has a low plasticity (the total elongation δ = 5 %). The 

subsequent annealing at 700 °C leads to the formation of a bimodal microstructure as a result of the 

development of static continuous recrystallization followed by normal grain growth. The formation of a bimodal 

microstructure provides an optimum combination of strength (the yield strength of 960 MPa) and plasticity (the 

total elongation δ ≈ 17 %).  
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Abstract  

There are various solutions to the endings of flue, combustion and ventilation ducts. Their location is largely 

high altitude installations that are often difficult to access. The study presents the results of comparative tests 

for diffusers - exhaust gas regulators; new and after long-term use. The tests included structural and visual 

assessment of diffuser plates. Changes in the geometry and thickness of sheets and corrosion resistance, in 

the context of the nature of behavior under the influence of temperature of exhaust gases and changing 

weather conditions. For these reasons, appropriate tests were carried out to check the resistance during 

prolonged use. 

Keywords: Chimney, corrosion, diffuser, smog, combustion process 

1.  INTRODUCTION 

The element causing turbulence in the exhaust chimney as well as ventilation pipes is their completion. The 

choice of the right end of the chimney is a guarantee of a laminar flow of the medium, and thus no backflow of 

combustion products into the interior of the accommodation. At the same time, it is a guarantee of ecological 

combustion regardless of the type of fuel. Thus, it ensures proper - complete and complete burning of heating 

means [1]. 

Chimney caps of various shape also protect them against changing weather conditions (rain, snow). These 

solutions relate to residential buildings as well as industrial solutions strategies. The thermal evaluation of the 

regulator is conditioned by the length of the chimney and can vary from 70 to 150°C, and even more for 

extremely short cables. It depends to a large extent on the type and type of fuel [2,4]. 

One can distinguish mainly the following system endings: roof-shaped (Figure 1a), for ventilation ducts 

(Figure 1b), and movable-rotating cap (Figure 1c) [5]. The latter meet the expectations only in the operation 

of fireplaces with low exhaust temperatures up to 50ºC. The endings of chimneys, regardless of their type, are 

subject to destruction [research and own observations] due to the impact of exhaust gases rich in sulfur and 

nitrogen and coal. Additionally, they are strengthened by variable working temperature - dew point and air 

humidity. Proper regulation of exhaust gases determines proper burning of fuel in the furnace. The regulator 

gives the possibility to match the chimney draft in function; hearth - length of the chimney - wind force and 

direction [1]. 

Corrosiveness of the atmosphere in Poland most strongly accentuates its presence in the foothills and areas 

of Silesia. It is conditioned by the configuration of the terrain and the retention of smog. Due to the above, the 

endings of chimney diffusers are made of acid-resistant sheets meeting the PN-EN 10088-1: 2017 and PN-

EN 10088-2: 2014-12 standards [7-8].  
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Figure 1 Examples of chimney ends used for: a) gas furnaces, b) ventilation ducts, c) chimney caps [5] 

2.  MATERIALS AND RESEARCH METHODOLOGY 

The object of the research were diffusers - the structural endings of the flue gas regulator. The unique design 

solution of the regulator has been evaluated, with a wide application both in standard chimney ducts connected 

with heating boilers and flue pipes of domestic fireplaces. This construction is also definitely effective in 

cooperation with industrial boilers. It is also located in the mouths of ventilation ducts [3]. 

The scope of work included the performance of corrosion tests, measurement of hardness and thickness of 
diffuser construction sheets; new and after 15 years of operation (Figure 2). The new ending was installed on 

the chimney in a single-family building for a period of 3 years. The fireplace in this configuration was fired with 

solid fuel. The fuel used was hardwood - seasoned. During the operation, during the winds, especially in the 

case of the mountain winds, the exhaust was not observed in the living quarters from the inside of the chimney. 

The diffuser after 15 years of operation (Figure 2b) was dismantled from the 17 meter long chimney and 

subjected to a visual assessment, stating a large accumulation of combustion products in the form of strongly 

bonded soot with the surface of the sheet. 

  

Figure 2 Chimney diffuser: a) new, b) after operating for 15 years 

Analysis of the chemical composition for the tested diffuser sheets was carried out using the LECO analyzer. 

15 samples with a 15.6 mm circle geometry were cut for corrosion tests. In order to assess the accelerated 

corrosion tests, the potentiostat PGSTAT302N, No. AUT83628 from ECO CHEMIE B.V [6] was used. The test 
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material coming from the chimney after 15 years was gently cleaned of carbon black with n-heptane. Then, 

along with the material from the new chimney, it was conditioned in a corrosive medium, which was a 5% NaCl 

solution, pH 6.9, for a period of 1h. The tests were carried out on the calomel electrode at 35 ° C by linear 

polarization method in oxygenated, as a result of free contact with the air solution. Based on the results of 

corrosion tests, the OCP potential, the corrosion potential of Ekor, the corrosion velocity Vp, the density of the 

corrosion current jkor and the polarization resistance Rp were determined. 

Specimens from the new and old diffuser for microhardness measurement with dimensions 10x10mm were 

cut out, in the amount of 5 pieces from various construction sites. A dozen or so places were also taken to 

measure the thickness of the construction sheets of diffusers, with an accuracy of 0.1 mm 

Structural research was also carried out - metallographic for sheet metal - a new chimney and after 15 years 

of operation. The samples for the tests were prepared by the classical method - the surface was etched with 

nital. The observations were made on an optical metallographic microscope at magnifications - 500, 1250 

times, taking into account the internal structure of the sheets and the external character of the surface exposed 

to the influence of atmospheric influences. 

3.  TEST RESULTS 

The conducted research allowed to present the results - comparisons of such properties as corrosion, 
hardness, thickness and chemical composition of diffuser sheets. Table 1 presents the results of the analysis 

of the chemical composition of the diffuser material elements. 

Table 1 Results of the analysis of the chemical composition of the diffuser material 

Old sheet New sheet 

Species requirements 1.4310 
(X10CrNi18-8) 

PN-EN 10088-1: 2007 

[%] 

Findings [%] Species requirements 1.4404 
(X2CrNiMo17-12-2)  

PN-EN 10088-2:2014-12 

[%] 

Findings [%] 

Old sheet New sheet 

C 0.05 ÷ 0.15 0.052 ≤ 0.030 0.022 

Si ≤ 2.00 0.31 ≤ 1.0 0.33 

Mn ≤ 2.00 1.57 ≤ 2.0 1.29 

P ≤ 0.035 0.030 ≤ 0.045 0.023 

Ni 6.00 ÷ 9.00 8.2 10.0 ÷ 13.0 10.1 

Cr 16.0 ÷ 19.0 18.6 16.5 ÷ 18.5 16.9 

S ≤ 0.015 < 0.005 ≤ 0.030  < 0.005 

Cu ≤ 0.50 0.28 - 0.37 

Ti - < 0.01 - < 0.01 

Mo ≤ 0.80 0.23 2.0 ÷ 2.5 2.0 

V - 0.066 - 0.091 

Nb - 0.079 - 0.34 

Co - 0.20 - 0.20 

Fe warp warp warp warp 

The results of corrosion resistance measurements are presented in Table 2. In contrast, the example linear 

polarization curves obtained in a 5% NaCl solution are shown in Figure 3. 
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Table 2 Results of corrosion resistance tests of the new chimney and after 15 years of operation 

Designated parameters New chimney Chimney after 15 years of operation 

OCP [V] -0.259 -0.307 

Ekor [mV] -260 -324 

rrjkor [µA/cm2] 1680 127 

Vp [mm/rok] 0.16 1.48 

Rp [Ω/cm2] 15300 4300 

 

Figure 3 Examples of linear polarization curves of the new chimney and after 15 years of operation in a 5% 

NaCl solution  

The value of the corrosion potential of Ekor samples of the new chimney and after 15 years of operation was 
-260 mV and -324 mv respectively (Table 3). The smallest value of corrosion potential is shown by samples 

taken from the chimney after 15 years of operation, which indicates higher susceptibility to corrosion in relation 

to the new chimney. The presented state of affairs is unambiguously confirmed by the remaining results of 
corrosion tests listed in Table 3, i.e. OCP, current density, corrosion rate, polarization resistance and the linear 

polarization curves shown in Figure 3. 

Assessment of the thickness of the chimney end plates - new and after construction are presented in Table 3. 

The results of measuring the hardness of new and old sheet metal for chimney diffusers are shown in Figure 4. 

Table 3 Thickness of the regulator plates 

New sheet metal 0.4825 [mm] 

The sheet is old before exploitation 1.01 [mm] 

Sheet after 15 years of operation 0.99 [mm] 
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Figure 4 Measurement of sheet hardness: 1) sheet new, 2) old sheet 

The results of metallographic tests at 500 and 1250 magnifications are shown in Figures 5-8. 

 

Figure 5 Material structure was digested with nital - magnification 500x: a) new sheet,  

b) sheet after 15 years of operation 

            

Figure 6 Material structure was digested with nital - magnification 1250x: a) new sheet,  

b) sheet after 15 years of operation 
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4.  SUMMARY AND CONCLUSIONS 

In the previous publications, no substantive information was provided regarding long-term operation in 

changing thermal conditions and chemical evaluation of acid-resistant sheets, in the area of end-use of 

chimney diffusers [3-4]. The chemical composition of both materials is similar. The distinguishing feature is the 

element molybdenum - (new sheet) - it increases the corrosion resistance. 

Due to the chemical composition, we note that the material of the chimney after 15 years of operation shows 

greater susceptibility to corrosion than the material of the new chimney (2% Mo). 

It can be claimed that regardless of the type of fuel used, the ending after 15 years of chimney exploitation 

was exposed to very intensive sulphurisation and carburizing and surface decarburization, which was 
documented in corrosion and hardness tests. Figure 3 shows that the hardness in the materials tested, 

however, differs and remains in the range 195 - 220 HV 0.1 [9]. 

The end of the chimney should be simple and reliable in the installation, guaranteeing no return of the fumes 

regardless of atmospheric conditions. When designing diffusers - chimney ends, take into account: change of 

external pressure, change of air humidity (haze), frost (hoarfrost) and many others. 
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Abstract 

Infrared nondestructive testing (IRNDT) is an active thermography method for inspection of material-surface 

inhomogeneities or discontinuities. It is based on an excitation of an inspected sample and a detection of its 

thermal response by thermographic methods. The IRNDT is commonly used for an inspection of 

delaminations. However, it is also applicable for surface and subsurface cracks detection, which is the focus 

of this contribution. Principles of IRNDT methods are introduced in this contribution. Flash-illumination, 

ultrasonic-loading, laser-heating and mechanical-loading excitation methods, which are mostly used for cracks 

detection, are described. Examples of results of an IRNDT inspection of cracks by different approaches are 

presented. 

Keywords: Infrared nondestructive testing, active thermography, IRNDT, cracks 

1. INTRODUCTION 

Active thermography [1] is a method of infrared non-destructive testing (IRNDT). IRNDT is used for inspection 

of discontinuities (defects, inhomogeneities), which is based on an external excitation of an inspected sample 

and a measurement of its thermal response. The excitation induces thermal processes, which are influenced 

by discontinuities or inhomogeneities in the sample (possible defects). The thermal response can reflect an 

influence of the discontinuities, which can thus be identified by a thermographic measurement of the thermal 

response. The response is recorded by a thermographic camera and results of the inspection are contrast 

areas, which represent indications of the discontinuities. The indications are in most cases not visible or not 

contrasting enough by a pure thermographic measurement, thus, special methods are used to accentuate the 

inspection results. The very commonly used methods are, for example, lock-in or pulse-phase thermography, 

which comparison was published in [2]. 

Infrared non-destructive testing is a novel method in comparison with traditional NDT methods such as 

penetration, ultrasound or radiographic methods. However, it is the very flexible method, which allows 

modification of an experimental configuration to fulfil requirements of many applications. A number of 

measurement configurations has been developed, which used different excitation sources (flash lamps, 

halogen lamps, ultrasound etc.), excitation methods (pulse, periodical, step etc.) or evaluation procedures 

(pulse-phase, lock-in etc.). A methods overview of thermographic temperature measurements and IRNDT can 

be found, e.g., in [1] and [3].  

IRNDT has some advantages - it is a non-destructive method, a response measurement is non-contact, there 

are in many cases short inspection times and no harmful radiation or chemical substances are used. It is 

traditionally well suited for an inspection of composites delaminations, voids, bubbles [4] or impact damages 

[5]. These methods have found a use for example in an inspection of aircraft components or wind turbine 

blades. However, a lot of IRNDT approaches were developed for testing of other materials in a wide range of 

thermal and optical properties, including for example an inspection of transparent materials, metal sheets spot 

welded joints, coatings, solar cells, inspection in food industry and many others. 
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Cracks are one of the very important material defects, which can play a crucial role in a usability, lifetime or 

usage safety for many components. Some advantages of IRNDT could also be used in cracks inspection. 

Recent research showed that it is possible to detect surface or subsurface cracks by thermographic methods 

at mechanical loading [6] or, for example, by using of high intensity light [7], laser [8] or ultrasound [9] excitation 

source. The goal of this contribution is to make an overview of methods and approaches of IRNDT for cracks 

detection. The methods are introduced including inspection examples in the section 2. IRNDT INSPECTION 

OF CRACKS. A summary, conclusions and discussion about advantages and disadvantages of IRNDT 

methods for cracks inspection is in the section 3. CONCLUSIONS. 

2. IRNDT INSPECTION OF CRACKS 

IRNDT methods can be sorted into two main groups based on excitation method principles: external excitation 

and internal excitation. External excitation is probably more traditional in IRNDT methods. It is based on a 

tested sample external heating, which is made by an external heat source. The most common heat excitation 

sources are based on radiation heating (sometimes called illumination methods, e.g. flash or halogen lamps), 

however, contact or convection sources can also be used. These methods are mostly developed for a detection 

of discontinuities (defects), which are parallel to an inspected surface, for example delaminations or voids.  

However, the illumination methods can be also used for an inspection of discontinuities, which are mostly 

perpendicular to the inspected surface, such as, for example, cracks. To make such an inspection possible, a 

heat flux in the tested material should be directed perpendicularly to a crack. This can be done in two ways: 

(A) using a suitable geometrical configuration of a measurement set-up or (B) using a spatially defined heat 

source. A standard excitation source can be used in the case (A). However, a geometry of a tested sample 

has to allow a directionally defined excitation in such a way that an induced heat flux in the sample is not 

parallel with the crack. It is possible, for example, at an inspection of cracks in welds, as it is described in [7]. 

In this case, the weld protrudes above a basic material surface and a weld crack is excited by a flash lamp at 

a large angle perpendicular to the surface. A similar effect can be achieved in the case of a tube-shape sample, 

where there are cracks perpendicular to a tube surface in its longitudinal direction and a flash lamp excitation 

is applied from the direction perpendicular to the tube at a large angle perpendicular to the surface at a position 

of the crack (tangential direction). An example of a result of a flash-pulse inspection of a tube with a crack in 
longitudinal direction is shown in Figure 1c) (the crack is marked by an arrow). The measurement is made by 

a standard flash-pulse procedure and the results are evaluated by a pulse-phase method. A photo of the 

sample surface (the crack is not evident) and a standard magnetic-fluorescence inspection result are shown 
in Figures 1a) and b), respectively, for a comparison. 

A configuration (B) of illumination IRNDT methods for cracks detection is based on spatially defined heating 

source. It is typically, for example, a laser source, which makes a laser spot of a defined shape (point, line, 

pattern, etc.) on an inspected surface. Such an excitation leads to a heat transfer perpendicularly to the surface 

under the spot area, but also on the surface - in the direction out of the laser spot. The crack then acts as a 

thermal barrier causing a disturbance of a temperature field, which can be detected by an analysis of 

a thermographic camera record. Such a measurement configuration is shown for example in [8].  

The presented examples showed that the illumination IRNDT methods are applicable for cracks inspection if 

a heat transfer in a tested material caused by an excitation is (at least partly) directed perpendicularly to the 

crack. The second necessary condition is that the crack has to make a thermal barrier. This means in most 

cases that the crack should be opened - some gap should be between the walls of the crack. This state brings 

another option how to use a laser beam excitation source for the crack detection, as it is described in [7]. The 

opened cracks are places with an increased absorptivity during a high-energy IR irradiation. It is manifested 

as an indication (a hot-spot) at a thermographic camera record or its processing results. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

938 

 

Figure 1 Example of a crack thermographic inspection results by different approaches (the crack is marked 

by an arrow): a) photo of an original surface (the crack is not evident), b) a standard magnetic-fluorescence 

test, c) flash-pulse thermography, d) vibrothermography (ultrasound excitation IRNDT). Results obtained by 

inspections made in laboratories of University of West Bohemia, New Technologies - Research Centre.  

Internal excitation is the second possibility how to detect cracks by thermographic methods. Internal excitation 

is based on introducing into a tested sample energy, which is transformed into heat on discontinuities. 

Traditionally used excitation sources for cracks inspection in specific application are ultrasonic 

(vibrothermography), mechanical and electrical excitation.  

The vibrothermography [9][10] is a method, which was developed mostly for cracks inspection. It is mostly 

based on an excitation of a tested sample by a contact-type ultrasonic converter. The vibrations (mechanical 

waves) in the sample are transformed to heat at closed cracks due to a friction forces. An example of a result 
of an ultrasonic thermography inspection of the tube with the crack is shown in Figure 1d). The measurement 

was performed and evaluated in terms of lock-in method. The crack is marked by an arrow, the inspection 

results of the same piece made by the standard magnetic fluorescence test and the above presented flash-
pulse thermography inspection are in the Figures 1b) and c), respectively. The vibrothermography is a defect 

selective “dark-field” method [11]. Defects indications could therefore be very expressive, as it is shown in 
Figure 1d). The other advantage of this method is that it is insensitive to crack direction, in contrast to the 

illumination methods. The main disadvantages of this method is a contact based excitation and a complicated 

inspection parameters set-up. 

Mechanical loading and electrical excitation belong also to internal excitation methods. These method are 

however usable only in some special cases. Strain induced in the material by the mechanical loading is in 

connection with tested sample temperature changes due to thermo-elastic and thermo-plastic effects. The 

method is based on enhanced heat generation at locations under a plastic deformation, which can occur, for 

example, at crack tips. It is not a typical non-destructive testing method. However, this approach can be used 

for thermographic inspection of cracks at laboratory and technological testing or in terms of a diagnostic of 

cyclically loaded technological parts. The electrical testing is mostly used in special applications as for example 

solar cells testing [11]. The method is based on electrical excitation of a cell. The excitation causes a 
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temperature rise, which is higher at defects positions (shunts, cracks) and can be detected by a thermographic 

analysis [12]. Both mechanical and electrical excitation methods use mostly a cyclic excitation procedure and, 

as well as the vibrothermography, belong to dark-field methods (in solar cells applications often referred as 

DLIT - dark lock-in thermography). Even if a usability of the methods is limited to the specific applications, the 

methods can be very effective in these applications.   

3. CONCLUSIONS 

Five approaches of thermographic inspection of cracks were introduced in this contribution. It was shown, that 

flash-pulse, laser, ultrasonic, mechanical and electrical excitation methods are usable for cracks detection. 

Flash-pulse or similar illumination-based excitation methods are fast and non-contact. However, an orientation 

of cracks has a strong influence on their detectability. These methods can thus be used for an inspection of 

opened cracks, if a suitable geometrical configuration of the experiment is possible. Laser excitation belongs 

to the illumination-based group methods. It allows a selective (position-defined) excitation of an inspected part. 

The main disadvantages of these methods are higher costs of measurement equipment, lower flexibility and 

more complicated measurement set-up connected with laser operation safety (eye protection etc.) issues. 

Ultrasonic excitation is suitable for closed cracks inspection. Advantages are that an orientation of a crack 

does not influence its detectability and it is also usable for geometrically complicated samples. Main 

disadvantages are that the ultrasound transducer should be in a contact with the measured and complicated 

set-up of excitation parameters. Mechanical excitation principally does not belong to non-destructive testing. 

However, the thermographic methods can be used for cracks detection and inspection of their evaluation at 

laboratory tests of components, technological testing or within an on-process inspection of cyclically loaded 

components. Electrical excitation is, in connection with cracks inspection, a specific method, which is typically 

used for solar cells testing. 

As it was shown in this contribution, the IRNDT can be used for cracks detection. IRNDT brings some benefits 

compared to classic NDT methods, for example, a short measurement time or non-contact detection. However, 

there are also some limitations of these methods, which were summarized in this contribution. 
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Abstract 

Infrared nondestructive testing is an inspection method based on an external excitation of a measured sample 

and a thermographic analysis of its thermal response. It often uses advanced evaluation techniques based on 

temperature spatial and temporal changes. IRNDT is a suitable method for an inspection of thin samples, near-

surface layers and cracks. An application of IRNDT for detection of crack on mechanically cyclically loaded 

welded pipes is introduced in this contribution. The goal of the analysis was to detect location of the crack 

before this crack was created and visually detectable. Results showed that a thermographic record without an 

advanced IRNDT evaluation could detect crack just before the mechanically loaded pipe is starting to break 

down. An advanced IRNDT evaluation brought more evident indication of a position of the crack and its 

development during the test. The experiment, the evaluation method and the results are described and the 

IRNDT evaluation advantages and disadvantages are discussed in this contribution.  

Keywords: Nondestructive testing, IRNDT, active thermography, crack detection 

1. INTRODUCTION 

Crack detection is an important part of material testing. Cracks can cause severe damage to the part where 

they are induced. In worst case scenario they can cause safety hazards. Therefore there are several methods 

proposed and used for crack detection. Two different approaches are often used by crack detection - Structural 

Health Monitoring (SHM) and Nondestructive Testing (NDT). By SHM different types of sensors are used. 

They are located nearby of areas of interest (places where can be expected crack inducement). Those sensors 

are monitoring real-time crack propagation. This approach is often used for example in civil engineering at 

bridge state monitoring [1]. NDT approach is based on one-time (or periodically repeated) testing of inspected 

part. Typically by NDT, defect is present before inspection is performed. To this group belongs for example 

eddy current testing, penetrant testing, ultrasonic testing. Review of crack detection techniques can be found 

in [2]. 

Infrared non-destructive testing (IRNDT) can also be used for crack detection [3,4,5]. IRNDT is based on usage 

of an external excitation source to induce a thermal process in a tested sample. The thermal response on the 

external excitation is then measured by a thermographic camera. In case of discontinuity occurrence in tested 

sample, the thermal response is affected by this discontinuity in its location. Different types of excitation 

sources, procedures and evaluation algorithms can be used for different applications. The often used sources 

are for example optical sources (flash and halogen lamps), ultrasound, and electric current. Excitation 

procedures are pulse excitation (Pulse Thermography), periodical excitation (Lock-in Thermography), step 

excitation (Step Thermography), etc. Differences between results obtained by different sources and 

procedures can be considerable. This difference can be seen for example in [6]. The thermographic testing is 

used in a lot of applications, often for composite structures inspection [7], but for example also for optical 

components [8]. Crack detection can be done for example by laser thermography [3,4,5]. 

Evaluation algorithms are one of the most important parts of IRNDT. Those algorithms serve for defect 

detection enhancement. Some of them are universal. They can be used with various excitation procedures. 
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Evaluations based on Fourier transform belong to this group. Fourier transform for IRNDT data is usually done 

by applying Fast Fourier Transform (FFT) algorithm. FFT converts a thermographic time signal to a 

representation in the frequency domain. FFT allows analyzing amplitude and phase of the signal. Both of these 

representations improve defect detection. FFT is often used for pulse phase thermography (PPT) [9,10]. Some 

evaluations technique are tightly connected to excitation procedure - some laser thermography evaluation 

algorithms [11,12], TSR algorithm for pulse thermography [13], etc. 

There are several issues with both SHM and NDT for crack detection. Disadvantage of SHM is that, the sensor 

has to be placed nearby future crack. If it hadn’t, crack couldn’t be detected. It can be solved with huge amount 

of sensors or with picking critical areas based on simulations or experience, where to locate sensors. NDT can 

found cracks after they are created. It depends on control plan if this type of testing is sufficient. When crack 

is found in its beginning, when it doesn’t influence the function of the part, the part can be easily repaired. It 

would be beneficial for both NDT and SHM if location of critical areas was possible to discover with some type 

of measurement. It would allow to deploy sensors on more suitable places in case of SHM and to found places 

which should be inspect more thoroughly in case of NDT.  

In this contribution we propose using thermography camera and FFT algorithm to detect location of future 

crack induced by periodic loading. Our goal was to determine if it is possible to predict where the crack will 

occur with usage of thermography camera and FFT. The crack was being induced during measurement. 

Therefore, performed measurement isn’t typical IRNDT measurement. 

2. EXPERIMENTAL SETUP 

Experimental measurement was performed on the welded steam pipes. Narrow pipe (diameter 51 mm, 

material 13CrMo4) was welded to strong pipe (diameter 108 mm, material 16Mo3). The narrow pipe was being 
cyclic loaded (upwards). The measurement configuration and sample itself is shown in Figure 1. Cyclic loading 

was performed in four steps with different load and frequency of loading, see Table 1. 

Table 1 Steps parameters 

Step Load (kN) Frequency (Hz) 

1 18 5 

2 21 4 

3 24 4 

4 18 6 

For thermographic measurement, IR camera Optris PI 400 was used. One measurement step contained 

loading which took approximately 20 minutes. After every step the new load had to be set. To set new load the 

device which were causing load, had to be turned off. Camera framerate was set to 1 Hz. This framerate was 

selected to ensure whole measurement can be stored and evaluated. With higher framerate there would be 

problems with disc space. LabIR software, which was developed by University of West Bohemia, was used for 

measurement and evaluation.  

Area of interest was created on thermographic sequences. Maximum minus minimum temperature was 
monitored from this area. Area of interest (AOI) is shown in Figure 2. In the rectangle (AOI) crack appeared 

during loading (based on last thermogram, where the crack was clearly visible). Due to temperature 

measurement it was possible to determine if there is any temperature trend in measured data. 

FFT evaluation was performed on 200-frames intervals. The amplitude signal was analyzed. Peak was found 

in every interval on amplitude-frequency graph. Defectograms were stored on those peak frequencies. 
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Figure 1 Measurement setup 

 

Figure 2 Area of interest 

3. RESULTS 

Figure 3 represents temperature changes (maximum minus minimum temperatures from AOI) in time. Other 

temperature analyses were performed as well, for example analysis of average temperature from AOI, analysis 

of maximum temperature from AOI, analysis of minimum temperature from AOI, and even point analysis. The 
similar trend as is shown in the Figure 3 was found in other analyzes.  

 

Figure 3 Temperature change in time 

It is obvious that temperature is slightly going up. Nevertheless the growth is negligible. Overall temperature 

increase from the start to the end of the measurement is around 1°C. This small increase in temperature can 

be for example caused by heating of the sample from other sources for example caused by heating in testing 

room. From temperature trend, no dependencies can be found. 
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Crack wasn’t visible on thermograms, except the last thermogram in step 4 (load 18 kN, frequency 6 Hz) where 

the crack was clearly detected. In this moment, crack was visible even with naked eye. For this application 

standard thermographic evaluation isn’t suitable. 

 

Figure 4 Comparison - Thermogram/Defectogram 

Through FFT with amplitude representation, the critical area was detected even by the first load in the 

beginning of step 1 (load 18 kN, frequency 5 Hz). In detected critical area, the crack was created and was 

visible on thermogram firstly in the last step (step 4). The difference between thermogram and defectogram 
can be seen in Figure 4. Clear indication of critical area is seen on the defectogram but no indication in this 

area can be found on the thermogram. Energy release caused by the crack opening was captured since the 
step 3. This release is shown in Figure 5. The roots of crack were indicated bright but the rest of the crack 

was indicated dark. The crack was indicated as a bright indication in previous steps (this can be seen for 
example on defectogram in Figure 4). 

 

Figure 5 Defectogram of step 3 

4. CONCLUSION 

The thermographic testing for crack detection induced by periodic loading was introduced in this contribution. 

Standard temperature evaluation and FFT evaluation were compared. It was shown that the standard 
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temperature evaluation wasn’t able to detect crack before it was visible by naked eye. No temperature trend 

was discovered. 

The measurement showed advantage of using advanced evaluation algorithms. The same thermographic data 

was used with FFT and the crack was easily detectable. Furthermore, it was possible to predict where the 

crack will be created. This was possible since the first loading (step 1). Additionally, we were able to detect 

energy release caused by the crack opening. Disadvantage of using advanced evaluation algorithm is that 

typically thermographic sequence contains a lot of data and therefore evaluation can be time demanding. It 

should be noted that evaluation algorithm should be chosen based on concrete application. Only then, the best 

performance (time, defect detection …) can be guaranteed.  

Our experiment showed that thermographic inspection and suitable evaluation algorithm can determine areas 

in which defect can occur. 
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Abstract 

The paper is devoted by evaluation of comparison of selected systems of thin film - basic material, which are 

optimized in the range of solution of the project with goal application of thin films on selected real cutting tools. 

There are evaluated thin films prepared by low voltage reactive arc evaporation in vacuum with different 

composition of ternary nitride. The evaluation of properties and behaviour is oriented on systems with thin films 

TiSiN, AlCrN and AlTiN. The surfaces of these systems of thin film - basic material are evaluated from point of 

view of verification homogeneity of thin films through of area of samples and through of geometry of selected 

real tools too. The distribution of thickness is evaluated by x-ray fluorescence analysis on samples and real 

selected places of geometry of tools too. The other comparison is realised from point of view of differences of 

mechanical properties and behaviour by using of indentation methods namely of nanoindentation and scratch 

indentation for evaluation of differences in hardness and adhesive cohesive behaviour of systems thin films - 

basic material.     

Keywords: Thin films, arc evaporation, nanoindentation, scratch test  

1. INTRODUCTION 

The very much different technology process for deposition thin films are offered and very much different kind 

of thin films with different composition chemical and structural is offered, too [1,2]. The each of technology 

process has some advantages and disadvantadges, too [3,4]. The concrete thin films has influenced by 

deposition process - type of deposition process and optimization of deposition process parameters. Deposition 

process is influence by wide range different macro and micro parameters. Some of this parameters is possible 

control and some of this parameters is not possible to control, but influence properties and behaviour of thin 

films. The basic material is one of the most important of deposition parameters - its properties and behaviour 

- structure composition, chemical composition, mechanical and chemical resistivity and the other. The better 

prediction of behaviour in real stress conditions is possible to give by evaluation not only basic properties but 

by analysis behaviour during measurement method namely by indentation measurement during indentation 

process. The main influence have the geometry of the samples and real products and the homogenity of the 

deposition process on large area and difficult geometry, too.  

2. X-RAY FLUORESCENT METHOD 

The x-ray fluorescent method was used for evaluation of homogeneity of thin films across diameter of samples 

and across cutting edge of tools after the deposition process with similar deposition parameters. This method 

has advantages by nondestructive evaluation of chemical composition and thickness and possibility to evaluate 

thickness on real surfaces and real geometry. The other advantages is in the possibility evaluate thickness in 

very small area of surface. The measurement by x-ray fluorescent method was used for evaluation of profile 

of thickness across all sample. The samples has diameter 30 mm and measurement was realised from one 
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edge across the centre to the second edge of samples. The similar evoluation was realised across cutting 

edge of tools.  

2.1. X-ray fluorescent analysis on samples 

There are analysed the profiles of the thickness across the surface of systems thin film - substrate. The 
comparison of the x-ray fluorescent spectrums for different substrate is on the Figure 1 and comparison for 

different system thin film - substrate is on the Figure 2. There is possible to view differences between 

substrates namely in intensity of spectral line Fe, W and Mo and Ti (samples with thin films). The profile of x-
ray fluorescent spectrums is shown on Figure 3 and detail of this profile in spectral line Fe is on Figure 4. 

There is possible to view what across of the diameter of sample the spectrum changed namely intensity of 

spectral line of Fe, which show, what thin film is not homogeneity across diameter and on the edge is different 

then in the centre of samples.     

  

Figure 1 Different substrate Figure 2 Different thin films 

  

Figure 3 The profile across of the diameter Figure 4 The detail of the profile across the 

sample 

X-ray fluorescent analysis on cutting edges of tools 

There was analysed the possibilities to evaluate of the profile of x-ray spectrums on real products namely 

cutting tools. In the second step there are analysed the profile across cutting edges of tools. We must used 

the possibilities for evaluation in small area and with multifocus setting. We prepared special holder for the 

better posibilities to setting the place of measurement. The profiles of the x-ray spectrums across cutting edge 
of tools are on Figure 5, Figure 6, Figure 7 and Figure 8. The Figure 5 show the detail of spectrums in the 

spectral line Mo analysed across the edge of tool and similar Figure 6 show the detail of profile of the spektrum 

in spectral line Fe.     
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Figure 5 The detail of profile of spectrums in Mo Figure 6 The detail of profile of spectrums in Fe 

  

Figure 7 The detail of profile of spectrums in Fe Figure 8 The detail of profile of spectrums in Fe 

The results of measurement of profile thickness across cutting edges in Figure 5 - Figure 8. From this figures 

is possible view what thickness is different in different places on cutting edges of tools. This is very important 

for different application. The inhomogeneity of thickness can influence behaviour of systems thin film - 

substrate on tools and here is very important to prepare thickness optimal for the places, which are the large 

stressed during application operation.   

3. NANOINDENTATION MEASUREMENT  

The systems of thin film - substrate on samples and cutting tools above mentioned was evaluated by 

nanoindentation, too. The measurement was realised by maximal normal load 200 g, 25 g and 2g. There is 

used for evaluation of modification of surface of substrate under thin films by deposition process and hardening 

of surface of substrate by thin films (200 g), for evaluation of properties and behaviour on interface between 
thin films and substrate (25 g) and for evaluation of properties and behaviour of thin films (2 g). The Figure 9 

show indentation curves measured with maximal load 200 g on samples with different thin films. The  
Figure 10 show indentation curves measured with the same parameters of measurement (loading rate, time 

delay in maximal load). The indentation curves measured by mode 2 - loading, time delay 10 s, unloading with 

constant rate of loading. The measurement on real geometry and real surfaces on cutting tools was optimized 

by seting parameters for measurement and by special holder for gripping cutting tools and preparing 

measurement on cutting edges.  
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Figure 9 Indentation curves - maximal load  

200 g 

Figure 10 Indentation curves - maximal load  

200 g 

There is possible to view from comparison measurement on samples, what thin film TiSiN has the largest 

hardness then TiAlN and TiCrN. The similar results is for measurement on cutting edge of tools, where is large 
differences between different systems of thin film - substrate on tools (Figure 9, Figure 10 and Figure 11). 

Figure 11 show result from measurement with maximal load 25 g. Results are similar as from measurement 

with 200 g maximal load.      

 

Figure 11 Indentation curves with maximal load 25 g 

  

Figure 12 Cyclic indentation curves - 200 g Figure 13 Cyclic indentation curves - 25 g 

Cyclic indentation curves (Figure 12, Figure 13) show what simple measurement of indentation curves give 

some results about differences in hardness of thin films and hardening of surfaces, but cyclic indentation 

curves give much more information about resistivity to the repeated loading and expansion of failures and 
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cracks. From this point of view the larger resistivity have the system thin film TiCrN - substrate for large maximal 
load (Figure 12, Figure 13), because the systems with TiSiN have the high brittleness. The measurement with 

higher load show information about behaviour of all systems thin film - substrate, but with lower load show 

behaviour namely of thin films on surfaces.  

4. SCRATCH INDENTATION TEST 

The measurements was realised in the mode with increased acted normal force during measurement from 0 

to 120 N. The indentor was standard Rockwell diamond indentor with radius of curve of tip 0.2 mm. The results 
are morphology of surface after scratch test (Figure 14, Figure 15). There is possible to discusse what thin 

films TiSiN have larger hardness but this thin films have higher failuring during scratch indentation because 

thin films are brittle. The best results is for thin films with higher toughness.   

 

Figure 14 Morphology of failures across and in the scratches on systems with different thin films TiSiN, 

TiAlN and TiCrN - range of maximal normal force is from 0 N to the 60 N. 

 

Figure 15 Morphology of failures across and in the scratches on systems with different thin films TiSiN, 

TiAlN and TiCrN - range of maximal normal force is from 60 N to the 120 N. 

5. CONCLUSION  

There was optimized analysis of homogeneity by x-ray fluorescent method on real parts of products namely 

cutting edge of selected tools. The result show, what inhomogeneity of thin films across the sample is very big 

problem for application on real products. The large inhomogeneity is measured on cutting edges of selected 

tools, too. Different spectrums namely intensity of spectral lines was measured on different cutting edges and 

across one cutting edge, too. From this point of view is very important for testing quality of thin films realise 

the measurement on real surfaces and real geometry. In the next step there was testing the possibilities for 

measurement of mechanical properties and behaiour on the real parts and concrete cutting edges, too. 

Differences from measurement by indentation with different modes of measturement. Show, what much more 

important is not only basic measurement but cyclic measurement, too, becasuse by this is tested resistivity to 

the repeated stress by indentation.    
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Abstract 

The main subjects of this presentation are layers made of alumina obtained from organic and aqueous sols 

deposited on the steel substrates by the sol-gel and electrophoretic deposition (EPD) methods. Aluminum 

oxide has a very large specific surface area. As a result of the calcination process, in the burned aluminum 

layer acid-base active centers are created. It determines the use of aluminum oxide as a catalytic material. 

Due to its properties it is prospective as a carrier of catalysts. In the case of the sol-gel method, the sol was 

obtained by hydrolysis of the butoxy derivative of aluminum. Obtained sol was applied to the steel substrate 

by a dip-coating technique. Using the dip-coating technique, due to the ability to easily regulate the speed of 

immersion and ascent of the substrate from the sol, allows relatively easy control of the thickness of the 

obtained layers. In the case of EPD method, stable aqueous colloidal suspension of alumina was used. The 

main advantage of the EPD method is the ability to easily and quickly obtain homogeneous layers on 

conductive substrates (also on the profiled surfaces). The thickness of the layers can be easily controlled by 

changing the process conditions. Fresh layers obtained by both methods were heated for densification and 

better adhesion to the substrate. The structure (MIR) and microstructure (SEM with EDS) tests carried out 

showed that in both cases there were obtained tight layers of aluminum oxide on steel substrates. In order to 

determine the nature of the surface, the contact angle and surface free energy tests were also performed. The 

conducted research allowed to state that the coatings obtained by electrodeposition are characterized by better 

homogeneity and adhesion to the substrate. They also present a higher thickness than the sol-gel coatings. 

The contact angle tests show that both coatings are hydrophilic. The obtained layers are extremely promising 

materials due to their physicochemical and surface properties.  

Keywords: Sol-gel, electrophoresis, Al2O3, SEM, EDS, MIR  

1. INTRODUCTION  

In recent years, intensive research related to surface engineering has been observed. One of the main 

methods of surface modification is coating application. The purpose of these activities is to give materials new 

features that affect their properties and at the same time the way they are used. There is a wide interest in 

protective ceramic coatings applied to metallic substrates, which are particularly exposed to corrosion. Due to 

this, thin layers of alumina applied by the sol-gel method using electrophoresis are increasingly used. 

The sol-gel (sol-gel) method is widely used for the synthesis of crystalline and amorphous oxide materials. The 

method consists in preparing colloidal solutions (sols) as a result of hydrolysis and condensatiaon of used 

precursors. The advanced condensation process, most often combined with solvent evaporation, leads to gels 

from which ceramic coatings on substrates can be obtained after thermal treatment [1]. The sol-gel method 

allows covering thin, even surfaces with thin layers (coatings). The process of applying the coating is not 

accompanied by electrolysis of water, thanks to which there are no oxygen or hydrogen bubbles on the coating. 

The applied coatings are characterized by good adhesion to the substrate. Moreover, it is a relatively cheap 

method, which does not require expensive equipment to conduct synthesis [2,3,4]. There are also 

disadvantages of using the sol-gel method, which are mainly associated with cracking or delamination of 

ceramic coatings applied to metals that appear during the drying and thermal treatment of the layers. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

954 

Electrophoresis is the movement of electrically charged particles of material dispersed in suspension, which 

in the applied electric field move to an electrode having the opposite sign and under appropriate conditions 

deposit on its surface. The process of applying ceramic coatings depends on: the time of the electrophoresis 

process, the intensity of the current flowing, the grain size and the pH of the electrophoretic slurry. The 

electrophoretic method of applying the coatings gives the possibility of obtaining homogeneous layers on 

contoured surfaces in a relatively short time [5]. Due to the good adhesion, cohesive properties, consistency 

of the obtained coatings and their mechanical properties, the method is increasingly used to obtain anti-

corrosion coatings from various types of sols [6]. 

This paper compares the efficiency of obtaining aluminum layers, on a metal substrate, using a dip-coating 

method (sol-gel) and electrophoretic deposition. The surfaces of the samples made of chromium-nickel steel 

were compared, to which coatings from aluminum sols were applied using the aforementioned methods. 

2. MATERIALS AND METHODS  

Two types of soles were used in the work. An organic aluminum sol was used to carry out the process of 

applying the sol-gel coatings. Following reagents has been used fror the preparation: Al aluminum butoxide 

(OC4H9)3 - 97%, C5H9OH acetyl acetone - 97%, Butanol-2 C4H9OH - 99%, Hydrochloric acid HCl - 36%. A 

mixture of butanol-2 and a butoxy aluminum derivative was formed. Acetyl acetone and concentrated 

hydrochloric acid were then added dropwise, thoroughly stirring using an ultrasonic stirrer for 30 minutes. After 

this time, a clear milky-white sol was obtained. The obtained sol was poured into a plastic, sealed container 

and stored at a reduced temperature.  

For the electrophoresis process, the aluminum hydroxide sol was obtained as a result of the aluminum chloride 

hydrolysis [7]. It is a water sol, prepared according to the recipe contained in unpublished data M. Bursy. It 

contains pseudobemite particles with a diameter of a dozen or so Å, which as a result of thermal treatment 

processes, pass into a ceramic coating at a temperature of about 500°C in the Al2O3 gamma. The prepared 

sol has the following parameters: pH 4.45 and a conductivity K = 2.56 mS. The electrophoresis process was 

carried out as a cataphoresis - the coated surface was a negative electrode. 

Samples in the form of metal sheets measuring 1.5cm x 2.5cm, made of chromium-nickel steel, were 

mechanically cleaned with sandpaper. Then chemical cleaning was carried out by: - Ultrasonic degreasing: 

The plates were placed in a beaker filled with acetone and placed in an ultrasonic bath for 15 minutes. -

Digestion: The plates were digested by immersing them in a 5% HF solution for 30 seconds. - Affixing: Each 

plate was individually immersed in royal water for 30 seconds. After each of the above-mentioned activities, 

the plates were rinsed thoroughly with distilled water and dried. 

Aluminum coatings were applied on such prepared substrates using dip-coating technique (sol-gel) and 

electrophoresis to the plates by a special apparatus located in the Coating Lablatory, the Department of Silice 

Chemistry and High-Molecular Compounds, the Faculty of Materials Science and Ceramics (WIMiC), AGH 

University of Science and Technology. For the first batch of samples, the sol was applied with a dip-coating 

technique at a constant speed of 20 cm/min. 

The electrophoresis was carried out in a rectangular glass organic dish, 6x4x7cm. Coatings were applied on 

both sides of the plaques. The process used was an aluminum hydroxide (aqueous) sol with an acid reaction. 

The coated plate was a negative electrode. The positive electrode was a plate of the same dimensions, made 

of 1H18N10 stainless steel. The voltage source was a power supply, with the possibility of regulating the output 

voltage. The process of applying electrophoresis coatings was carried out on three samples. Parameters of 

the electrophoresis process: - time of applying the coating - 10 seconds, - voltage - 10 V, - current intensity - 

3.96 mA. 
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In order to cure the obtained layers deposited using the electrophoresis process and the sol-gel method and 

to conduct coating tests, the samples were subjected to a drying process and then placed in an electric furnace 

and fired at 600°C with the rate 10C/min for 30 minutes. 

The microstructure analysis of the obtained layers was carried out using the NOVA NANO SEM 200 scanning 

electron microscope combined with the EDS X-ray dispersion microanalysis microanalyzer. Structural 

investigations of the aluminum precursor and precursor after firing at 600oC for 30 minutes were also carried 

out. The tests were carried out using infrared absorption spectroscopy on a VERTEX 70v spectrometer. The 

wetting angle test for calcined aluminum coatings was carried out using a sitting drop technique. A goniometer 

from the Krüss DSA25E brand was used for the tests. 

3. RESULTS and DISCUSSION  

3.1. Microscopic SEM examination with X-ray microanalysis  

3.1.1. Examination of the morphology and chemical composition of the coatings applied by dip-coating 
technique (sol-gel) 

     

Figure 1 SEM photo of chrome-nickel steel covered with organic sol (dip-coating)  

at 350x, 2000x, 5000x magnification 

 

Figure 2 Point microanalysis of EDS, points marked at Figure1C 
Figure 1 show the obtained SEM photos of stainless steel coated with an organic aluminum sol using dip-

coating technique, successively made at the following magnifications: 350x, 2000x and 5000x. A 

homogeneous network of cracks is visible. There are gaps between individual fragments of the obtained 
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coating. The resulting cracks are most likely a consequence of the thermal treatment of the coating. Despite 

the presence of airtightness, the coating maintains continuity and is good adhesion to the substrate. This 
conclusion can be formulated by analyzing the results of EDS tests (Figures 2:1,2).  

A two-point X-ray analysis carried out at points located in two different places in visible areas with different 
morphology (Figure 1C) allows to state that the layer of aluminum oxide is present on the whole surface of the 

sample under test. 

The analysis made in point 1 showed an intense line from Al. However, in point 2 the strongest line comes 

from Fe and Mn. A line with a lower intensity coming from aluminum is also visible. There were also small lines 

showing the presence of elements originating from the substrate: Ni and Cr. Thus, the aluminum concentration 

is much lower at point 2 than at 1. This shows the continuity of the coating but its different thickness at the 

points tested. Undoubtedly, it can have a negative impact on the protective properties of the obtained coating. 

3.1.2. Examination of morphology and chemical composition of coatings applied by EPD method 

Figure 3 shows pictures of samples with coatings applied by means of an electrophoresis process, made with 

scanning electron microscope at the following magnification: 350x, 2000x, 5000x. It is easy to notice that the 

obtained coating is homogeneous, compact, does not leave the substrate. No cracks have been observed, 

thus the coating is very tight. 

   

Figure 3 SEM photo of chrome-nickel steel covered by using electrophoretic deposition  

at 350x, 5000x, 2000x magnification 

 

Figure 4 Average microanalysis of EDS 
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The EDS microanalysis (Figure 4) did not show different concentrations of ingredients at individual points. The 

obtained spectrum shows lines from aluminum and iron. Thus, it can be concluded that the obtained coating 

has a similar thickness on the whole surface. 

3.2. Infrared absorption spectroscopy 

Figure 5 shows spectra in the mid-infrared range (MIR) of the aluminum precursor sample (precursor) and the 

precursor burn-out at 600°C (after heating). For both obtained spectra, one can distinguish characteristic 

bands coming from stretching vibrations O-H around 3400-3600 cm-1 and bands originating from bending 

vibrations H-O-H at about 1600 cm-1. These bands are characteristic of water molecules. 

 

Figure 5 Infrared spectra of an aluminium coating after heating in 600°C and a precursor 

In the range of 500-765 cm-1 there are bands characteristic for stretching vibrations of Al-O bonds for aluminum 

in octahedral coordination, while in the range of 765-910 cm-1 there are bands corresponding to vibrations of 

aluminum-oxygen connections for Al3+ in tetrahedral configuration. 

It was observed that for the fired precursor the intensity of bands characteristic for vibrations stretching Al-O 

joints for aluminum in tetrahedral coordination is much higher. This is related to polymorphic transition of 

alumina with increasing temperature. The much wider half-width of the bands on the precursor spectrum after 

firing is also characteristic, which indicates the increasing amorphousness. 

3.3. The contact angle test of a coatings applied by dip coating technique (sol-gel) and 
electrophoretic deposition  

The obtained value of the contact angle is less than 90 ° (Figure 6). The tested coating thus has hydrophilic 

properties, i.e. it has a good surface wettability. The obtained value of the contact angle is much smaller than 

90°. The tested coating thus has hydrophilic properties, i.e. it has a very good wettability of the surface. 

Differences in the wettability of the obtained coatings should be related to their different morphology 

determined on the basis of microscopic examination (SEM). 
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Figure 6 Contact angle test,: A. Layer applied using sol-gel method, B. Layer applied using EPD method 

4. CONCLUSION   

1) The obtained coatings applied by dip-coating technique (sol-gel) and by electrophoresis after heat 

treatment show very good cohesion and adhesion to the selected metal sheet.  

2) Coatings applied by means of electrophoresis have a dense packing of very fine grains, they conceal 

the metal surface well and are well connected to the substrate. After the EDS analysis, it was found that 

the obtained coating has practically the same thickness on the surface covered. 

3) Coatings obtained using dip-coating technique (sol-gel) are characterized by different thickness of the 

layer, which may have a negative effect on the protective properties due to the peeling of the coating or 

the appearance of cracks in places of thinner layer thickness during material exploitation  

4) The results of spectroscopic studies in the mid-infrared range showed the presence of bands derived 

from Al-O bonds for aluminum in octahedral and tetrahedral configuration. 

5) For the spent precursor, the intensity of the bands characteristic of the stretching vibrations of the Al-O 

joints for tetrahedral aluminum is much higher, which is related to the polymorphic transition of alumina 

with the increasing temperature.  

6) The contact angle tests of the obtained coatings applied with both methods allowed to state that the 

surfaces are hydrophilic in nature. Moreover, the method of obtaining the coating for its wettability has 

been significantly influenced  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Abstract 

The article presents the results of the milling tests - "hard machining" - on the processed (hardened and 

tempered) material X37CrMoV5-1 (ČSN 19552). At the beginning, the hardness tests of the machined material 

block were carried out using the Rockwell method. Machining tests were focused on the evaluation of hard 

machining efficiency and were performed under comparable conditions. At the first stage thin films TiSiN and 

AlCrN were optimized as a part of a project solution for machining highly and medium hardened materials. 

Original coating TiAlN was also used for comparison in the second stage. As a result, the flank wear 

documentation of thin films TiSiN, AlCrN and TiAlN was processed with the same tooling time being set. The 

flank wear VB and the effectiveness of using the coatings from other perspectives were also evaluated. 

Keywords: Metallurgy, steel, applications, tools, thin film, flank wear 

1. INTRODUCTION 

PILSEN TOOLS builds upon a long-standing tradition of the ŠKODA Pilsen company that dates back to the 

19th century. PILSEN TOOLS ltd. is engaged in the production of tools, gauges, machinery and moulds and 

performs their heat treatment, alkaline blackening and other technological operations during the production 

activities. One part of the company is the Centre of Progressive Machining and the Heat Treatment Centre. 

The Centre of Progressive Machining has modern milling and turning machines and other modern equipment. 

The Heat Treatment Centre has a SECO WARWICK vacuum hardening furnace and other equipment needed 

to carry out heat treatment of metals. Within these centres the evaluation and optimization of metal machining 

and processing and other innovation activities are carried out. In its production, PILSEN TOOLS uses 

hardened and heat-treated tool steels and these materials are machined in relatively large quantities. 

Therefore, the aim of this work was to optimize the cutting process and conditions and to select a suitable thin 

film for the milling of the processed material.  

2. GENERAL INFORMATION ABOUT HARD MACHINING. 

Hard machining involves machining of materials with hardness of 50-60 HRC. Not long time ago, the work 

pieces of such material have been only grinded, but today the development of cutting tools and coatings has 

made it possible to perform conventional chip machining without sufficient problems [1]. When machining hard 

materials are widely used cemented carbide (milling, drilling operations, especially while machining hardened 

steels), cubic boron nitride (turning of hardened steels and cast irons) and cutting ceramics (turning of grey, 

malleable cast iron, heat resistant, refractory materials and hardened steels). The basic problems that arise 

when machining hard materials: 

• Hard materials cause high specific cutting force while machining which produce large, variable sized 

cutting forces that negatively affect the cutting edge of the tool and can cause a brittle fracture to the 

tool or rapid damage of the workpiece; 

• Hard martensitic grains in machined material result in high abrasive wear of the tool and therefore 
relatively rapid flank wear VB according to standard ISO 3685 [2]; 
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• Large amount of heat is generated during machining, at relatively lower cutting speeds (up to 100 

m/min). The general rule that can be applied is: the lower are cutting conditions, the greater proportion 

of heat is transferred into the tool. This creates the problem of effective cooling; 

Considering the problems described above, the selection of a suitable cutting tool and the thin film must provide 

high surface hardness of the tool, high abrasion resistance, good friction properties and thermal barrier 

between the cutting zone and the substrate material of the tool. 

When choosing the appropriate thin film technology, it is important, on the one hand, to choose a suitable 

technological process of deposition and, on the other hand, suitable structuring of the formed thin film system. 

Deposition technologies include CVD, PVD, and low-temperature CVD. The CVD technology has the 

advantage of relatively high adhesion due to more considerable diffusion processes in layer formation due to 

the high deposition temperature, which is, however, could be too high for some cutting tools as they can 

undergo tempering. The PVD technology has the advantages of the lower deposition temperature and the 

greater variability of the formed types of deposited films as well as the better control of the process possibilities 

of creating a different layer composition. A low-temperature CVD such as PA CVD allows the CVD process 

temperatures to be lowered, but this reduces the possibility of creating a more stable diffusive connection. With 

PVD technology, there is a choice between magnetron dusting and arc evaporation in a vacuum. The choice 

of the thin-film system is determined also by the desired additional properties mentioned above (heat 

resistance, friction characteristics etc.). Properties apart from process parameters are given by structuring the 

thin-film system. The increase in hardness can be achieved due to grain size reduction in the structure of 

substrate. Considering all the requirements, mentioned above, the two most appropriate PVD thin films for 

hard materials machining were selected for testing - TiSiN-based thin film “A” and AlCrN-based thin film “B”. 

3. MATERIAL PREPARATION AND EVALUATION 

As one of the most commonly used materials in the hardened state in PILSEN TOOLS ltd. is the material 

X37CrMoV5-1 (ČSN 19552), which is often used in manufacturing of dies, molds, etc. This material has been 
hardened to a hardness of 50 ± 2 HRC. The chemical composition is shown in Table 1. 

Table 1 Chemical analysis of X37CrMoV5-1 (ČSN 19552) (wt%) 

C Si Mn P S Cr Ni Mo Al Cu V W Co 

0.379 0.970 0.370 0.012 0.001 5.280 0.000 1.320 0.000 0.000 0.360 0.000 0.000 

Because the block of the evaluated material is of relatively larger dimensions, cooling of the surface runs faster 

than inner part while hardening. That causes irregular hardness distribution through the material. To evaluate 

and minimize that influence, hardness tests were carried out at the beginning on each side of the cube-shaped 
test material at 5 points on each side as shown in Figure 1. Each side was labeled 1 through 6. The aim of 

this measurement was to find such a position of the material block in machine vices, that the difference of 

hardness for each level should be minimal. A large difference in hardness could cause an uneven load on the 

tool and thus inaccurate results. 

After carrying out hardness tests on all 6 sides, the hardness level was evaluated. Three main ways of 
machining were considered (see Figure 1): 

• Direction of machine spindle normal to side 6 (or 1) 

• Direction of machine spindle normal to side 5 (or 2) 

• Direction of machine spindle normal to side 4 (or 3) 
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Figure 1 Hardness tests points on material block 

The results are shown in the tables of measured values. 

Table 2 Average hardness on levels [HRC] 

Levels description upper side 1 level 2 level 3 level bottom side 

from 6 to 1 normally 44.4 48.6 48.2 48.9 47.4 

from 2 to 5 normally 48.2 47.5 46.9 47.5 48.7 

from 4 to 3 normally 49.3 47.0 46.8 47.6 48.4 

Table 3 Hardness rages (max. minus min. values) on levels [HRC] 

Levels description upper side 1 level 2 level 3 level bottom side 
Levels 

description 

from 6 to 1 normally 3.2 3.5 2.9 3.7 4.1 3.5 

from 2 to 5 normally 2.1 8 6.4 5.7 2.9 5.0 

from 4 to 3 normally 3.4 5.7 5.1 6.9 3.9 5.0 

The smallest calculated average value of the hardness is at level 6-1, and therefore the most suitable method 

of machining is from side 6 to 1. Using this way of clamping of block the load on the tool is more even than it 

would be using the other ways. The cube was clamped so that side 1 was upside and 6 downside. Therefore, 

the perimeter dimensions of the block were 215 x 215 mm. 

4. MACHINING TESTS 

4.1. 1st part of the machining test 

At the first part of the test were used uncoated solid carbide mills manufactured by SCT Tools with further 

coating with appropriate thin film. At the beginning the sample 1 was coated and tested with TiSiN-based “A” 

thin film. When the feed rate was about 800 mm/min. the cutter held 750 mm (or about 6.45min) and cracked. 

Further, in the preparatory phase of the tests with TiSiN-based thin film “A” and AlCrN-based thin film “B” mills 

were subjected to working conditions optimization - feed and cutting speed. After optimization, the feed rate vf 

was chosen at value 400 mm/min and cutting speed vc at value 78.5 m/min. Also, the flank wear on optimized 

samples was measured and these values were used as the initial wear for the test continuation. Optimized 

working conditions were used for subsequent tests. The flank wear VB was measured at each of the 4 blades. 
The results were averaged and are shown in the Table 4 and on the Figures 2 - 3. With each mill 5 rounds of 

total distance 215 x 5 = 1075 mm were carried out during one lap of test. At the end of each lap, flank wear 

measurement VB was performed on every tool using measuring microscope MULTICHECK PS500. 
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Figure 2 The course of flank wear of tools with TiSiN-based “A” and AlCrN-based “B” thin films 

Table 4 The course of flank wear of tools with TiSiN-based “A” and AlCrN-based “B” thin films [µm] 

Tool time [min] 

distance of machining [mm] 

Initial tool 
wear  

2.69 

1075 

5.38 

2150 

8.06 

3225 

10.75 

4300 

13.44 

5375 

thin film TiSiN-based “A” sample 2 68 68 67 70 69 74 

thin film AlCrN-based “B” sample 3 66 69 78 77 82 88 

thin film AlCrN-based “B” sample 4 65 72 72 78 82 95 

 

Figure 3 Flank wear before and after machining tests 

4.2. Conclusion of 1st part of the machining test 

As a result of hard machining tests, it was found that under the same operating conditions (vf = 400 mm/min 

and vc = 78.5 m/min) TiSiN-based thin film “A” exhibits about 19% less flank wear than thin film “B”. 
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4.3. 2nd part of the machining test 

For second part of the test were used the same solid carbide mills manufactured by SCT Tools [3], but one 

sample was with an original coating TiAlN. The other uncoated mill was used with TiSiN-based thin film “A” as 

a comparison. Working conditions were taken from first part of the test (feed rate vf = 400 mm/min at cutting 

speed vc = 78.5 m/min). Again, with each mill 5 rounds of total distance 215 x 5 = 1075 mm each were carried 

out. At the end of each lap flank wear measurements (VB) were performed. The results were averaged and 
listed in the Table 5 and on the Figures 4 - 5. 

 
Figure 4 The course of flank wear of tools with TiSiN-based “A” and TiAlN thin films 

Table 5 The course of flank wear of tools with TiSiN-based “A” and TiAlN thin films [µm] 

Tool time [min] 2.69 5.38 8.06 10.76 13.45 16.14 18.83 21.52 24.21 26.90 

Machining 
distance [mm] 

1075 2150 3225 4300 5375 6450 7525 8600 9675 10750 

TiSiN-based thin 
film “A” sample 5 

25 40 46 54 64 66 76 78 78 81 

Thin film TiAlN by 
SCT sample 6 

20 50 56 61 74 83 85 95 94 124 

 
Figure 5 Flank wear before and after machining tests 
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4.4. Conclusion of 2nd part of the machining test 

In the case of second part of hard the machining tests it was determined that under the same operating 

conditions (vf = 400 mm/min and vc = 78.5 m/min) TiSiN-based thin film “A” exhibits 35% less flank wear on the 

than the original coating TiAlN by SCT Tools manufacturer. 

5. GENERAL CONCLUSION 

AlCrN. TiAlN and TiSiN-based films have been tested within the survey. Comparing TiSiN-based thin film “A”, 

AlCrN-based thin film “B” and the original TiAlN thin film of the tool manufacturer. At the both experiments the 

least flank wear had a mill with TiSiN-based thin film “A”. This thin film has the highest micro hardness and 

higher abrasion resistance, which favorably affects its properties concerning machining hard materials. 

To improve surface strength, low-voltage reactive vacuum evaporation technologies from different 

manufacturers were tested. Thin films based on nitrides are available and can be Ti-based with a combination 

of other elements such as Al. Cr. Si. etc. The thermal load is also important while choosing the microstructure. 

In the case of TiSiN, higher hardness (up to HV 0.02 3800) and stability can be expected, as well as a higher 

resistance to spreading of the cracks due to the fine structure of the surface layer. Further improvements could 

be achieved by selecting not ternary but quadratic thin layers (e.g. TiAlSiN) and structuring by layering, i.e. by 

interleaving with other types of thin film layers in a multilayer system (e.g. Al2O3. TiN etc.). 
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Abstract 

Inhibition of stainless and mild steel corrosion in 1 M HCl solution by 1-octyl-3-methylimidazolium bromide and 

1-dodecyl-3-methylimidazolium bromide was investigated using electrochemical and weight loss methods. The 

qualitative surface analysis was carried out. The studied compounds showed appreciable inhibition 

efficiencies. Polarization measurements proved that they are mixed-type inhibitors with predominantly anodic 

action. The inhibition efficiency for mild steel is higher comparing with AISI 304 stainless steel. The Gibbs 

energy of adsorption was calculated by means of the Langmuir isotherm. 

Keywords: Imidazolium-based compounds; corrosion inhibition; polarization curve; electrochemical  

        impedance spectroscopy; stainless steel 

1.  INTRODUCTION 

Corrosion prevention has received considerable attention in the past years due to the increased use of metals 

in all fields of science and technology. The utilization of organic inhibitors is a foremost corrosion prevention 

technique. Many of these agents are heterocyclic compounds containing polar groups such as -OH, OCH3, -

Cl, -NO2, -CN, -C=N-, CH3-, and -NH2 can serve as adsorption centres using the lone pair of π electrons [1]. 

The adsorbed inhibitor molecules shield the metal surface from direct attack by corrosive ions. There are two 

main modes of adsorption - physisorption and chemisorption. Inhibition efficiency has often been assumed to 

depend on the strength of adsorption. Most studies also describe the inhibitive effectiveness on the basis of 

adsorption models that fit the experimental surface coverage [2], [3]. The more negative the Gibbs energy 

absorption derived from thermodynamics of the adsorption process, the higher the inhibition potential. The 

adsorption tendency depends on a number of molecular properties, including steric factors, electron density 

at donor atoms, planarity, aromacity, and π-orbital characters of the active/adsorption sites. The interaction 

between the inhibitor and metal surface can be estimated by means of several models. Quantum chemical 

calculations try to find the optimized structure of the inhibitors via the energy of the highest occupied and lowest 

unoccupied molecular orbitals. The charge distribution indicates the preferred sites for nucleophilic and 

electrophilic attack [4], [5] .Cluster model is focused on the geometry optimization [6]. The estimation of the 

inhibition efficiency can be also carried out via the presence of various functional groups [7]. An inhibitor 

molecule with large molecular area usually provides wider protective coverage for the metallic substrate 

compared to similar molecule with smaller molecular size. Excessively large size of a molecule can also be its 

weakness because of difficulty in fitting into a partially occupied site on metallic substrate due to steric 

hinderance between the incoming and already adsorbed molecules. The imidazolium based compounds 

constitute the most commonly used family of corrosion inhibitors in industrial applications. They are reported 

to show corrosion resistance on aluminium [8], copper [9], and mild steel [10], [11], [12], [13], [14]. Based on 

the good results with alkylimidazolium bromides in an acidic medium [15], this study is focused on the 

investigation of the inhibition efficiency of the 1-octyl-3-methylimidazolium bromide and the 1-dodecyl-3-

methylimidazolium bromide for the stainless and mild steel in hydrochloric acid solution. 
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2.  EXPERIMENTAL 

2.1.  Materials 

AISI 304 stainless steel wire having composition (wt. %) of 0.05 C, 18 Cr, 8.4 Ni, 1.2 Mn, 0.8 Si, 0.03 S, 0.045 

P, 0.7 Mo and balance Fe and a mild steel wire containing (wt. %) 0.1 C, 1.5 Mn, 0.9 Si, 0.03 S, 0.04 P and 

balance Fe were 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 inhibitors in hydrochloric acid of 1000 mol m-3 concentration. Imidazolium-based compounds 

were prepared in the microwave reactor using alkylbromide and 1-butyl-3-methylimidazolium-

bis(trifluoromethylsulphonyl)imide. 1-octyl-3-methylimidazolium bromide (C8) can be classified as an ionic 

liquid. 1-dodecyl-3-methylimidazolium bromide (C12) has similar properties but it is solid at 20°C.  

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 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 −140 below to +140 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 0.2 g were immersed into the 1000 mol m-3 HCl solution (20 ml) with or 

without the inhibitor for seven days and the weight loss was determined. The inhibition efficiency for the weight 
loss measurements was calculated from the equation (1), where WL0 is the weight loss in 1000 mol m-3 HCl 

solution and WLi is the weight loss in the presence of the inhibitor. 

@kX- �  X-Ò�X-�
X-Ò ¹100           (1) 

2.4.  Surface analysis 

The surface analysis was carried out using a scanning electron microscope QUANTA 450 FEG EDX, equipped 

with the EDX analyzer. The snaps were acquired in the secondary electrons mode. 

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 (mV) and βa (mV) and polarization resistance Rp (Ω • cm2) were calculated 

via the analysis tool incorporated in VM 40 software. The inhibition efficiency IEi (%) was calculated from the 

following equation, where i0 and ii is the corrosion current density without and with the inhibitor: 

@k� �  �Ò���
�Ò ¹100            (2) 

Figures 1 and 2 present the polarization curves of mild and stainless steel in 1000 mol m-3 HCl (1 M HCl in 

the Figures) solution containing 1-dodecyl-3-methylimidazolium bromide. It can be seen that the corrosion 
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potential is shifted slightly to the positive direction depending on the inhibitor concentration. The results for 1-

octyl-3-methylimidazolium bromide were similar. Because the difference is less than 85 mV, both compounds 

can be classified as mixed type inhibitors with a predominant anodic action [12]. 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. While anodic current densities decrease with increasing inhibitor concentration, especially for 

AISI 304, cathodic current densities exhibit the opposite trend. The inhibition efficiency increases with the 
inhibitor concentration and it is higher for mild steel than for AISI 304 stainless steel (Figure 3). There are not 

significant differences between C8 and C12. These experiments suggest that additional elongation of the alkyl 

chain is counter-productive because of difficulty in fitting into a partially occupied site on metallic substrate due 

to steric hinderance between the incoming and already adsorbed molecules. 

 

Figure 1 Potentiodynamic polarization curves of corrosion inhibition of mild steel 

in 1 M HCl in the absence and presence of 1-dodecyl-3-methylimidazolium bromide 

 

Figure 2 Potentiodynamic polarization curves of corrosion inhibition of AISI 304 stainless steel  

in 1000 mol m-3 HCl in the absence and presence of 1-dodecyl-3-methylimidazolium bromide 

The Bode plots obtained from the EIS measurements in the absence and presence of 5 mol m-3 C12 are 
presented in Figure 4. The impedance spectrum of mild steel in the presence of C12 exhibits two time 
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constants and a new phase angle shift and suggests the protective film formation. The impedance of the mild 

steel in the presence of the inhibitor in the low frequency region is higher than that of the AISI 304 stainless 

steel. 

3.2.  Surface analysis, weight loss measurements and adsorption isotherms 

Figure 5 shows the surface of AISI 304 stainless steel after 7 days immersion in 1000 mol m-3 HCl solution 

and in 1 mol m-3 1-dodecyl-3-methylimidazolium bromide solution. The surface in the presence of the inhibitor 

is less damaged than in 1000 mol m-3 HCl solution. The inhibition efficiencies calculated from the weight loss 

measurements for mild steel were slightly higher than those obtained from polarization curves (79 - 98%), 

while those for AISI 304 stainless steel were lower (30 - 60%). The inhibition efficiency can change with time 

and this problem is the subject of the present investigation. 

 
Figure 3 Inhibition efficiencies obtained from polarization curves for mild steel and AISI 304 stainless steels 

using 1-octyl-3-methylimidazolium bromide and 1-dodecyl-3-methylimidazolium bromide 

 
Figure 4 Bode plots of corrosion inhibition of mild and stainless steel in 1000 mol m-3 HCl 

in the presence and absence of 1-dodecyl-3-methylimidazolium bromide 
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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 [12] 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 proved to fit Langmuir adsorption isotherm (3). C is he molar concentration of 

the inhibitor and K is the equilibrium constant of the adsorption reaction (Figure 6). Linear dependences were 

obtained both for electrochemical and for weight loss measurements. The absolute values of Gibbs energies 

range from 30 to 40 kJ / mol. The interaction between the inhibitor and metal surface probably involves both 

physisorption and chemisorption.  

cY = c + 
D�            (3) 

       

Figure 5 SEM analysis of AISI 304 stainless steel after 7 days immersion in 1000 mol m-3 HCl solution  

and in 1 mol m-3 1-dodecyl-3-methylimidazolium bromide solution. 

 
Figure 6 Curve fitting of the data obtained from polarization curves to Langmuir isotherm for AISI 304  

in 1000 mol m-3 HCl and 1-octyl-3-methylimidazolium bromide 
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4.  CONCLUSION 

1-octyl-3-methylimidazolium bromide and 1-dodecyl-3-methylimidazolium bromide proved to be mixed-type 

inhibitors with predominant anodic inhibitive effect. The inhibition efficiency increases with the inhibitor 

concentration and it is higher for mild steel than for AISI 304 stainless steel. The values are higher than 80% 

for high inhibitor concentration for mild steel and 70-80% for AISI 304 stainless steel. There are not significant 

differences between C8 and C12. These experiments suggest that additional elongation of the alkyl chain is 

counter-productive because of difficulty in fitting into a partially occupied site on metallic substrate due to steric 

hinderance between the incoming and already adsorbed molecules. In the presence of low concentrations of 

1-octyl-3-methylimidazolium bromide and 1-dodecyl-3-methylimidazolium bromide, mild steel has a higher 

polarization resistance and lower corrosion current density than AISI 304.The absolute values of Gibbs 

energies obtained from the Langmuir isotherm range from 30 to 40 kJ / mol. The interaction between the 

inhibitor and metal surface probably involves both physisorption and chemisorption.  
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Abstract  

In this work, modelling of Nitinol (Ni-45 wt.%Ti) coating deposition, by means of High Velocity Oxygen-Fuel 

(HVOF) technology, is presented. Species transport model and the k- ε turbulence model were solved in Ansys 

Fluent environment, in which combustion between kerosene and oxygen, gas and particle flow in a GTV 

HVOF-K2 gun (GTV Verschleiss-Schutz GmbH, Germany) were simulated. The effect of spraying process 

parameters, such as spray distance, particle shape factor, and kerosene to oxygen feed rate ratio, affecting 

coating properties and quality, on the supersonic gas flow dynamics, particle velocity and temperature, was 

numerically investigated. Moreover, correlation between modelling findings and coating quality was explored. 

Numerical findings highlighted that the higher the kerosene to oxygen feed rate ratio the higher the 

temperatures and velocities of both gas and particles and the combustion pressure; moreover, with particle 

shape factor lower than 1, velocity of particles increased while ultimate temperature decreased. Furthermore, 

the findings of this study allowed to predict the properties of impacting Nitinol particles on substrates and 

showed the thermal story of the particle from the injection to the impact. These above-mentioned aspects are 

of great importance because Nitinol is a Shape Memory Alloy and its performances strongly depend on stress 

and thermal state. 

Keywords: Nitinol, HVOF, numerical simulations, CFD, gas flow dynamics, particle properties 

1. INTRODUCTION  

Thermal spray High Velocity Oxygen-Fuel (HVOF) is a particulate deposition process which allows to produce 

homogeneous [1] and very dense coatings [2,3] with low oxide content [1,4], high hardness [2,5], and excellent 

bond strength [1,2,5]. Particles of metals, alloys, or cermets, are injected in a hot gaseous stream produced 

by the combustion of oxygen and gaseous or liquid fuels, and are propelled at supersonic or hypersonic 

velocities [5,6] towards the substrate to be coated. The properties of a thermally sprayed coating are strongly 

linked to particle velocity, temperature and in-flight behaviour, which in turn depend on spraying and coating 

process parameters, such as spray distance [7,8], fuel to Oxygen ratio [5,9], powder feed rate [7,10] and 

particle size [8,11]. The evolution of gas and particle temperature and velocity and the influence of process 

variables on particle properties in gas and liquid-fuelled systems were investigated in several papers 

[5,8,10,11]. In the present work, Nitinol (Ni-45 wt.%Ti) coating deposition by a GTV HVOF-K2 gun thermal 

spray (GTV Verschleiss-Schutz GmbH, Germany) was simulated in 2D, using the computational fluid dynamics 

software Ansys Fluent, in which species transport model, k - ε turbulence model and discrete phase model 
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(DPM) were implemented. The CFD simulation was performed to define the effect of standoff distance, fuel to 

oxygen feed rate ratio and particle shape factor on velocity and temperature of Nitinol particles, in order to 

investigate the thermal story of the Nitinol particle from the injection to the impact. The gas flow characteristics 

such as temperature, pressure and velocity were also investigated.  

Nomenclature 

Ap, surface area of the particle 

CD, drag coefficient 

cp, specific heat of the particle 

dp, particle diameter 

E, enthalpy 

Fx, additional acceleration 

H, heat transfer coefficient 

Jα, mass diffusion flux 

K, thermal conductivity 

keff, effective thermal conductivity 

mp, mass of the particle 

p, pressure 

Re, Reynolds number 

Rα, species net production rate 

Sα, generating rate 

Sh, chemical reaction source energy 

T, temperature 

Tg, gas temperature 

Tp, particle temperature 

u, velocity 

ui, velocity in the i-direction 

up, particle velocity 

xi, coordinate in the i direction 

Yα, mass fraction of each species 

Greek letters 

μ, viscosity 

μt, turbulent viscosity 

ρ, density 

τ, deviatoric stress tensor 

φ, equivalence ratio 

 

Subscripts 

α, species 

g, gas 

i, j, coordinate indices 

p, particle 

2. MATHEMATICAL MODELS 

The 2D schematic diagram of the GTV HVOF-K2 gun is sketched in Figure 1, in which fuel (kerosene) and 

oxygen inlet, combustion chamber, convergent-divergent (CD) nozzle, Nitinol injection, barrel, external 

domain, and boundary conditions adopted in the simulations are illustrated.  

 

Figure 1 Schematic diagram of GTV HVOF-K2 gun and boundary conditions adopted  

in the simulations 

The length in axial direction of the combustion chamber, the CD nozzle and the barrel are 92.5 mm, 33.0 mm 

and 111.1 mm, respectively. Kerosene and oxygen streams are fed in the combustion chamber, burn and 

combustion products are accelerated along the CD nozzle and barrel. Nitinol powder particles are injected at 

the end of the combustion chamber and are propelled by combustion gases towards the substrate to be coated. 

The CFD model was implemented in Ansys Fluent 14.5 environment and simulations were performed by 

means of finite element approach. An axisymmetric geometry and a two-dimensional model were employed to 

reduce the complexity and computational time. A structured grid was built in the whole domain and meshes 

were refined in the nozzle entrance and exit, the barrel exit and the free-jet centreline, in order to define more 

accurately flame flow and particle properties in the more sensitive sections of the gun. 
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2.1. Gas flow dynamics 

A “realizable k - ε model” was used for modelling gas flow in HVOF simulations. The governing equations for 

the 2D model in the Cartesian tensor form [12] are: 

• Mass conservation equation: 

            (1) 

• Momentum conservation: 

       (2) 

• Energy transport equation: 

       (3) 

2.2. Species transport 

The volumetric combustion reaction was simulated using a Species Transport model with an Eddy-Dissipation 

turbulence-chemistry interaction. 

      (4) 

where N is the total number of fluid phase chemical species present in the system [13]. 

2.3. Combustion model 

Liquid kerosene (C12H23) combustion is a very complex mechanism and consist of hundreds of species and 

irreversible and reversible reactions [11]. In this work, the chemical reaction was assumed as a single-step 

reaction, including only CO2, CO, H2O, H2, OH, H, O2 and O as products, and is reported below [14]: 

   (5)
 

2.4. Particle model 

The gas phase as continuum was solved by using Navier-Stokes equations. The liquid phase was introduced 

as large number of droplets in the gun which trajectories, heat and mass transfer with gas phase were 

computed using Discrete Phase Model (DPM). The particle motion in the x direction in Cartesian coordinates 

can be solved by the force balance that equates the droplet inertia with forces acting on the particle. The 

particle motion can be described by the following equation [5,15]: 

          (6) 

The energy equation for a single particle, neglecting the heat transfer through radiation, can be written as it 

follows [16]:  

           (7) 
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3. RESULTS AND DISCUSSION 

3.1. Effect of kerosene and oxygen feed rate ratio 

The effect of kerosene-oxygen equivalence ratio (φ = 0.75; 0.77; 0.83) on gas temperature, gas pressure and 

gas axial velocity as function of the axial distance, along the symmetry line, was investigated by using a 

standoff distance of 300 mm and a particle shape factor (SF) of 1. Kerosene and oxygen were injected into 
the combustion chamber at the mass flow inlet boundary condition. Results are reported in Figure 2. 

 

 

Figure 2 Effect of equivalence ratio on a) gas temperature, b) gas pressure and c) gas axial velocity 

Gas temperature trends show peaks in the CD nozzle, after which drastically decrease till to stable values, 

followed by a fast reduction. Peaks seem not to be particularly affected by the equivalence ratio, while at the 

outlet of the combustion chamber the highest values for φ=0.83 can be seen. Gas pressure trends show the 

highest values in the combustion chamber, rapid decreasing up to values below atmospheric pressure and 

fluctuations caused by over-expanding and then re-converging both above and below atmospheric pressure. 

Maximum relative pressures of 6.4x10^5 Pa, 7.1x10^5 Pa, and 7.8 x10^5 Pa, for φ=0.75, φ=0.77, and φ=0.83, 

are respectively reported, in agreement with the values measured during nitinol coating deposition 
experimental activity at the same operating conditions. Gas velocity trends show the lowest values in the 

combustion chamber, at which it follows a rapid increase in the convergent part of nozzle for a successive slow 

reduction in the divergent one. The higher the equivalence ratio the higher the gas velocity. Nitinol particles, 
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with a size range of 15-45 µm and a Rosin-Rammler diameter distribution, are injected with a mass rate of 70 
g/min. Figure 3 depicts Nitinol particle temperature and velocity for an average particle diameter of 30 µm: the 

higher the equivalence ratio the higher the temperature and the velocity of particles.  

 
Figure 3 Effect of equivalence ratio on average diameter 30 µm particle a) temperature and  

b) axial velocity 

3.2. Effect of particle shape factor 

The effect of particle shape factor (SF) on particle temperature and velocity in the range 0.7-1 was investigated. 

Shape factor is used for defining the degree sphericity and represents the ratio of the actual surface area of 

the non-spherical particle to the surface area of the sphere of the same volume as the non-spherical particle 

Simulations were performed by using a standoff distance of 300 mm, an equivalence ratio of 0.75 and an 
average particle diameter of 30 µm. Results are shown in Figure 4. As it can be seen, the lower the shape 

factor the higher the particle velocity, because of the axial gas flow exerts a drag force larger on non-spherical 

particles (SF<1) than spherical ones (SF=1) [17]. Particle temperature in the barrel decreases with decreasing 

of SF because of the higher velocities that imply shorter residence time in the flame. 

 
Figure 4 Effect of particle shape factor on a) particle temperature and  

b) axial velocity 
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3.3. Effect of spray distance 

HVOF Thermal Spray was simulated with variable standoff spray distance of 300 mm, 350 mm and 400 mm, 

in order to define particle properties at impact on the substrate. Simulations were carried out by using φ=0.75 
and SF=1. As can be seen in Figure 5, impact particle temperature decreases from a maximum of 886 K at a 

standoff distance of 300 mm to a minimum of 723 K at 400 mm. Accordingly, particle velocity at impact 

decreases from a maximum value of 342 m/s at a standoff distance of 300 mm to a minimum of 322 m/s at 

400 mm. The optimal spray distance value reasonably is identified in 300 mm because the higher velocities 

ensure higher impact energy and greater adhesion. The particles temperatures found are below Nitinol melting 

temperature, hence Nitinol particles impacting on substrates are in solid state. 

 
Figure 5 Particle temperature and velocity at impact at different standoff distance 

4. CONCLUSIONS 

This work presents results of simulations of a HVOF coating deposition. The model was developed in Ansys 

Fluent environment and flame and Nitinol particle behaviour were investigated. As shown, the higher the values 

of φ the higher the values of gas temperature, pressure and velocity; while Nitinol particles reach higher 

velocities and temperatures with φ=0.83. Particle velocity decreases with increasing of SF from 0.7  

to 1. As consequence, particle temperature in the barrel increases with SF. Furthermore, influence of standoff 

distance on Nitinol particles velocity and temperature at impact was investigated, finding that both decrease 

with increasing of spray distance.  
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Abstract  

The NiCrAl-21% Bentonite abradable coating, deposited by flame spraying, was exposed to 720°C / 1 hour 

air-annealing to evaluate its resistance against heat-induced changes. The SEM and XRD microstructure 

evaluation was done. After the air-annealing, the increase of HR15Y surface hardness was recorded and 

accompanied with decrease of abradability evaluated by Progressive Readability Hardness (PAH) test, 

although no demonstrable microstructural changes was recorded by SEM. XRD analyses evidenced the 

formation of nickel oxides and ordered Ni3Al phase during the air-annealing. Besides the abradable coating 

evaluation, this work brings the verification of the potential of PAH for scratch hardness testing. The 

measurement provides the results with low scatter, compared to usual surface hardness testing, and enables 

to distinguish between the depth of indentation in loaded and unloaded state, pointing out to the  elastic/plastic 

deformation ratio. 

Keywords: NiCrAl-Bentonite, abradable seal, flame spray, abradability  

1. INTRODUCTION 

Abradable seal coatings are used to increase the efficiency of aircraft or industrial gas turbines through 

decrease the necessary clearance between the rotating blade tips and the casing. To fulfill the expectations, 

the coatings have to provide specific properties: high abradability combined with erosion and oxidation 

resistance [1,2]. In order to achieve the combination of such contradictory material properties, a specific 

microstructure was developed, consisting of usually metal matrix (Ni- or Al-based), responsible for erosion and 

oxidation resistance and solid lubricant phase, responsible for abradability [3]. To deposit such coatings, the 

atmospheric plasma spraying (APS) technology is the most frequently used [4,5,6], although by easy-to-

operate flame spraying (FS) technology. It can also provide the abradable seal coatings in good quality [6,7]. 

Besides the mechanical properties in as-sprayed state, the oxidation resistance or thermal shock resistance 

are also a matter of interest. Working in high temperature conditions, the abradable coatings have to provide 

the stability of mechanical properties during long-term heat exposition [8].  

Although the abradable coatings are used extensively in aircraft engines and turbomachinery, the methods of 

their laboratory testing are still rather limited.  

As the most often used, the simplest method of Rockwell superficial hardness measurement can predict the 

sufficient mechanical properties. Generally, it is used to test the coatings with thickness too low to be measured 

with the standard range. The diamond cone indenters are used for hard coating materials, while for the soft 

materials, such as the abradables, the ½” steel ball, loaded by 15 kgf (HR15Y) is the suitable indenter [9].   

For soft coatings, the Hoffman scratch hardness [10] can be used to evaluate the hardness 

hardness/abradability. In this test the width of the scratch, created on the coating surface by sharp indenter 

constantly loaded of 19.6 N. The wider the scratch, the lower the hardness is.  
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The more sophisticated test of abradability is the abradable rig test. The principle of the test simulated the real 

contact between the blade tip and the abradable coating. During the test, the cutting force is recorded, and the 

wear of both abradable coating as well as blade tip is evaluated [11]. Being a single-purpose device, the 

abradable rig testers are not widely available across the surface engineering laboratories. The replication of 

the engine environments is expensive and time-consuming [3]. Moreover, the different methodologies and 

definitions of the abradability makes the simple comparison between the published results uneasy.  

In the work of Ma and Matthews [3,12], the simple-to-realize test of abradability was suggested, using the well 

know method of scratch test. Progressively increasing load of Rockwell diamond indenter is used to create a 

scratch, which depth is recorded by the scratch tester. Based on the obtained data (actual normal and 

tangential forces, and the corresponding depth of indenter displacement), the “progressive abradability 

hardness (PAH)” number was calculated. The PAH value includes both the energy necessary to create the 

scratch, as well as the volume loss of abraded material (Eqv.1.) 

9�Y � X� � XZ	X[� � ∑ �\���ç .�Z�	∑ �M�.����ç������ç
∑ b� ���.�Z���ç

     (1)  

where: 

WI - the work of indentation (Nmm)  FT - tangential force (N) 

WP - the work of ploughing (Nmm)  FN - normal force (N) 

V - volume of abraded material (mm3) DP - ploughing displacement (mm) 

A - groove cross section area (mm2)  DI - indentation displacement (mm) 

In this work, the available laboratory tests methods are exploited to evaluate the mechanical properties of 

flame sprayed NiCrAl-21%Bentonite abradable coating in the as-sprayed and heat-treated state. The 

possibility of application of the NiCrAl-21%Bentonite coating on the parts with service temperature up to 700°C 

was verified. The annealing temperature was chosen with respect to the intended coating applications on 

aircraft engines components, where the routine working temperature does not reach 600°C,but can exceed 

the 650°C during short-term periods of overloading. Simultaneously, the potential of easy laboratory scratch 

test for testing of coatings abradability was also investigated. 

2. EXPERIMENTAL 

2.1. Coating material 

The commercially available abradable material Durabrade 2313 from Oerlicon Metco is a nickel-based, 

mechanically clad powder. The Ni-based (Ni4Cr4Al) alloy is combined with 21 wt% of Bentonite. The powder 

with particle distribution within 74 - 177 µm is suitable for flame spray deposition. The SEM of coating particles 
and their cross sections can be seen in the Figure 1.  

The powder cross section shows the Ni-based rim, encapsulated Bentonite core of the particles. According to 

manufacturer [13], the powder is developed to ensure both clearance control and thermal barrier insulation up 

to 650°C. 

2.2. Coating deposition and treatment 

The powder was deposited onto the grit blasted (Al2O3; F22) surface using the 6P-II flame spraying gun. The 

hot air annealing was realized in a muffle furnace (LM 212), at 720°C for 1 hour and cooled in air. To protect 

the non-coated parts of steel samples against oxidation during annealing, they were covered by oxidation 

protective paint CONDURSAL Z 1100.   
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Figure 1 Durabrade 2313 abradable powder surface (left) and cross section (right) 

2.3. Testing procedures 

The microstructure of the coatings was evaluated on the coatings cross sections (grinded and polished by an 

automatic Leco grinding and polishing equipment) by optical microscope Nikon Epiphot 200 and Scanning 

electron microscope EVO MA25, Zeiss, (with LaB6 thermal filament), equipped by EDX detector SDD X-Max 

20, Oxford Instruments. 

The coatings’ phase composition was evaluated by means of powder X-ray diffraction (PXRD), using the D8 

Discover powder diffractometer in Bragg-Brentano geometry with 1D detector and CuKα radiation.  

Surface hardness HR15Y was measured on the lightly ground surfaces of as-sprayed coatings. At least 7 

measurements were done for each coating, the average value and its standard deviation was evaluated. 

Scratch test of abaradability was realized on the coating as-received surface of the coating in as-sprayed and 

air-annealed state. The CETR UMT2 tribometer equipped with Rockwell C 120°diamond cone with 200 µm tip 

radius was used to apply the progressively increasing load to the samples surface. The loading rate of 100 

N/min was used for each set of tests. Five scratch grooves were made for each final length: 0.9 mm; 2.9 mm; 

4.9 mm and 9.9 mm, resulting in the end loads of 10 N, 30 N, 50 N and 100 N. At the beginning of the scratch, 

initial load of 1 N was applied at each test, in accordance to methodology developed by Ma and Matthews 

[3,12].   

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

The microstructure of abradable coating can be seen in the in the Figure 2. After spraying (Figure 2, left), the 

Ni-based alloy (light) deforms slightly and creates the porous structure of the coating, responsible for expected 

low cohesive strength. The bentonite rounded particles (dark gray) remains, compared to the original powder, 

unaltered. Between the particles, a high number of irregular pores with size comparable with size of the 
particles can be observed (dark). After the 720°C / 1 hour air annealing (Figure 2, right), no significant 

difference were observed in comparison with the as-sprayed state. The XRD phase analysis of the feedstock 
DU2313 powder (Figure 3) reveals presence of Ni-based solid solution (gamma phase), ordered Al3Ni phase 

and aluminosilicates originated from Bentonite clay. The as-sprayed coating exhibits only gamma phase matrix 

with small amount of silicon oxides and aluminum oxide formed by transformation of phases present in 

Bentonite. The air-annealing have led to nickel oxide formation and caused also the formation of ordered Ni3Al 

phase, which is evidenced by superreflexion peaks in low angle range. 
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Figure 2 Durabrade 2313 abradable coating in as-sprayed (left) and air-annealed (right) state 

 
Figure 3 XRD phase analyses of Durabrade 2313 abradable powder, as-sprayed and air-annealed coating 

3.2. Surface hardness HR15Y 

The hardness values, measured on the surface of as-sprayed coating reached 46.0 ± 3.2 HR15Y. After 720°C 

/ 1 hour air-annealing, the surface hardness increased slightly to 49.2 ± 3.5 HR15Y. With respect to the scatter, 

the change of the hardness is not absolutely conclusive. Nevertheless, it pointed out to heat-induced changes 

in the DU2313 coating. 

3.3. Progressive abradability hardness PAH 

The CETR UMT2 tribometer enables to measure the profile of the surface before, during and post scratch 
testing (Figure 4). The actual depth of indentation during loading and after the test in unloaded state can be 

compared, pointing out the ratio between elastic and plastic deformation. The procedure of calculation of the 

ratio between plastic and elastic part of deformation energy will be done in future work. 

The data obtained from the tribometer sensors (actual normal and tangential forces FN and FT resp.) can be 

correlated with corresponding indentation and ploughing displacement DI and DP, resp. Using the equation (1), 

the calculation of the Progressive Abradability Hardness (PAH) value in dependence on the end loads was 
made. The results PAH is shown in the Figure 5. It can be seen, that its value is higher for 0.9 mm long scratch 
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groove (10 N end load), but for 2.9 mm, 4.9 mm and 9.9 mm (30 N, 50 N and 100 N end loads) it is length-

independent. PAH varied between 300-450 MPa in steady state. In the work of Ma and Matthews [3,12], lower 

PAH values (200-300 MPa) were measured for abaradable coatings based on Ni-graphite, Ni-Si-graphite or 

Al-Si-polyester. 

The difference between the as-sprayed and air-annealed coatings in PAH is significant, more pronounced that 

in the case of surface hardness HR15Y measurement. Moreover, the difference between the values calculated 

in loaded and unloaded state can be observed, more pronounced in the case of air-annealed coating. 

 

Figure 4 The surface scan (left) and depths of indentation (right) 

 
Figure 5 The results of PAH evaluation 

4. CONCLUSIONS 

The NiCrAl-21%Bentonite (Durabrade 2313, Oerlicon Metco) flame sprayed coating increase its hardness after 

it is exposed to 720°C temperature for 1 hour in air. The difference was observed in both tests - static HR15Y 

superficial hardness measurement, as well as by scratch hardness, involving both indentation and ploughing 

work, however no microstructural changes of NiCrAl alloy was recorded by SEM. The XRD analyses gives the 

evidence of changes in the metal component of the coating in the vicinity of surface after air-annealing, and 

formation of Al2O3 and SiO2 in bentonite phase. The potential of instrumented scratch testing to evaluate the 

abradability of the coating was proved. The PAH results involved both the indentation and ploughing part of 

energy necessary to create a scratch. The results were found to be not load dependent, apart from the lowest 

load, where the roughness of original surface plays a significant role. 
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Abstract 

This paper addresses structural changes of Al-Si coating depending on various heat treatment parameters. 

Al-Si coated martensitic steel is one of the most commonly used materials in automotive industry for structural 

parts. Describing transformation of Al-Si coating is necessary in order to understand the phenomena affecting 

the welding and adhesive bonding stability. Three various heat treatment cycles were used in order to prepare 

specimens which were later evaluated by scanning electron microscopy, X-ray diffraction and tensile testing. 

Changes of the phase composition of the coating and mechanical properties of the base material are discussed 

in the paper. 

Keywords: Al-Si coating, 22MnB5, heat treatment, phases 

1. INTRODUCTION 

There is a persisting trend in automotive industry of decreasing weight of a vehicle in order to reduce fuel 

consumption and therefore emissions while maintaining or even improving safety of passengers. One way how 

to achieve these goals is by using materials with high tensile strength such as press hardened steels -PHS. 

These materials enable reducing the thickness of parts, decreasing the weight of the part and subsequently of 

a car as a whole. PHS is manufactured by a process called hot forming, which is a combination of heat 

treatment and plastic deformation [1]. The blank is heated at austenitization temperature, held at that 

temperature for certain time and then quenched in a die during forming. It is a complicated process with a large 

number of parameters that need to be taken into account in order to produce a quality part. One of these 

parameters is dwell time at the austenitization temperature. In order to fully austenitize the material, blank 

needs to undergo a heating for several minutes at temperatures rising up to 920°C. Uncoated material surface 

would deteriorate fast as a result of high temperature oxidation [1]. Considering small thickness of the blank, 

large percentage of the material would be affected this way. In order to prevent this phenomenon thin 

aluminum-silicon coating is deposited on the surface via hot dip galvanizing method. While Al-Si coating is 

necessary for successful manufacturing of the part, its presence is highly unpleasant for parts assembling. 

Deviances in coating properties are causing instability during welding and adhesive bonding [1]. Al-Si coating 

is not homogeneous coating but it consists of sublayers of various chemical composition [2] and physical and 

mechanical properties [3]. Development of these sublayers was examined in dependence on various 

austenitization temperatures, in order to better understand the phenomena occurring during welding and 

adhesive bonding. 
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2. EXPERIMENT 

Steel sheets 1.2 mm thick of 22MnB5 steel coated with Al-Si were used in the experiment. Specimens were 

prepared in a shape and dimensions corresponding with DIN 50125. In the first step, chemical composition of 

the base material and coating prior to heat treatment was evaluated by Bruker G8 Galileo and Tescan scanning 

electron microscope respectively. Three sets of specimens were prepared in total and each set was heated at 

a different temperature. The first set dwelling temperature was 850°C just above austenitization temperature, 

the second at 885°C and the third at 920°C. The dwell time in the oven was the same for all specimens, 480 

seconds. Specimens were taken out of the oven and quenched in steel die after an austenitization period. The 

transporting from oven into die took 2 seconds. Temperatures used for heat treatment were selected to be 

above ac3 temperature in order to monitor changes in the coating during autstenitization period. The third set 

of specimens which underwent heating at 920 °C was prepared in order to compare results to findings in 

literature [4] 

Six specimens from each set were used for tensile testing, where mechanical properties were measured. 

Remaining specimens were used for X- ray diffraction analysis and SEM analysis. Both surface and coating 

in cross section were evaluated. Specimens for cross section analysis were prepared in accordance with 

standard metallographic methods using electrochemical etchant colloidal silica Struers OP-S on Struers 

Tegramin in the last step. SEM analysis was performed on FE-SEM Zeiss Ultra Plus with accelerating voltage 

of 10 kV. Measurement of diffusion layer thickness and coating total thickness was performed on light 

microscope Olympus GX71. X-ray diffraction was carried out by a Bruker AXS D8 diffractometer using CoKα 

radiation (λ = 1.79021 Å) at room temperature. 

3. RESULTS AND DISCUSSION 

The chemical composition of a base material Table 1 is corresponding to the typical chemical composition of 

22MnB5 steel. Chemical composition of Al-Si coating measured by EDS is in Table 2. 

Table 1 Chemical composition of base material 22MnB5 prior to the heat treatment 

Element  C Si Mn Cr P S Al Cu Ti B 

22MnB5 (wt%) 0.22 0.24 1.17 0.19 0.010 0.002 0.044 0.006 0.026 0.0027 

Table 2 Chemical composition of the coating prior to the heat treatment 

Element  Al Si Fe 

AlSi (wt%) 90.99 6.00 3.01 

Overall structure of the coating as well as an average coating thickness of 39 μm and diffusion layer of 4 μm 
in a pre-treatment state is depicted in the Figure 1. Furthermore, coating structure of specimens after heat 

treatment process for each set are shown in Figure 2, Figure 3 and Figure 4. 

A sub-layered structure of the coating is also different for each variant. Formation of thin continuous sub-layer 

roughly 20 μm deep under the surface of the coating is observed for 850 °C. This layer moves closer to the 

surface and ceases to be continuous for temperatures 885 °C and 920 °C. Formation of second incoherent 

sub-layer deeper under the surface is apparent for specimens which underwent heating at 885 °C and 920 °C. 

Base material prior to the heat treating is ferrite - pearlite steel and turn into a martensitic after the heat 

treatment. 

There is a noticeable increase in diffusion layer thickness with an increasing austenitization temperature 
Figure 5 - a phenomenon previously described in literature [3]. Thickness gradually increases from 5 μm at 

850 °C to 12 μm at 920 °C. 
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Figure 1 Al-Si coating in pre-treatment state Figure 3 Al-Si coating after heating at 885°C 

  

Figure 2 Al-Si coating after heating at 850°C Figure 4 Al-Si coating after heating at 920°C 

 

Figure 5 Dependence of diffusion layer thickness on austenitization temperature 

Data obtained from SEM analysis were compared to [5]. Specimens from first set Figure 6 showed that 

sublayer has increased content of Si and Fe while Al content is decreased. It was identified as AlFe. Coating 

body above and under this layer is mainly consisting of Al5Fe2.The body of the coating remains Al5Fe2 while 

sub-layer closer to the surface consists of Al3Fe2Si and sublayer closer to the base material composes of AlFe 
for second set Figure 7. Third set specimens Figure 8 maintain chemical composition of the coating Al5Fe2 

with sublayers of AlFe. These findings are in consensus with [6,7]. 

EDS surface analysis revealed visually similar texture for all specimens with oxidation level increasing with 

increasing temperature. XRD surface layer analysis showed presence of Al5Fe2 phase at all three sets 
Figure 9. In addition to this phase, Fe1.7Al4Si was discovered on the surface of specimen heated at 850 °C. 
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For specimens heated at 885 °C Fe2Al3Si was present. However, because of the limited resolution and 

penetration depth of XRD, some phases were difficult to detect. Thus specimens were further studied by SEM-

EDS analysis. 

   

Figure 6 AS150 coating after 

heating at 850 °C 

Figure 7 AS150 coating after 

heating at 885 °C 

Figure 8 AS150 coating after 

heating at 920 °C 

Tensile testing was performed in order to monitor effect of a different austenitization temperature on base 

material. No apparent change of mechanical properties between three sets occurred with average Rm = (1420 
± 35) MPa and Re = (961 ± 32) MPa (Figure 10). Slightly lower values are probably caused by lack of 

deformation during quenching which was not present during tensile testing specimens’ preparation. 

  

Figure 9 Diffraction patterns of Al-Si coating surface 

after heating at (850, 885 and 920) °C 

Figure 10 Tensile testing diagram for all sets 

4. CONCLUSION 

Chemical composition changes dependent on various heat treatment were examined in this paper. Three sets 

of specimens were prepared by heating at 850 °C 885°C and 920°C and then quenching in a steel die. Different 

distribution of sublayers in the coating was observed. While chemical composition of coating body was the 

same for all sets, Al5Fe2 phase was present on the surface of every specimen set. In addition to it Fe1.7Al4Si 

was found on the surface of specimens heated at 850 °C and Fe2Al3Si on specimens heated at 885 °C. Results 

obtained for specimens heated at 920 °C are in consensus with findings in literature [4]. Change of the 

austenitization temperature had little if any effect on mechanical properties of the steel. This can be caused by 

absence of deformation during quenching which is present in case of production of serial parts. 

REFERENCES 

[1] KARBASIAN, H., and TEKKAYA, A.E. A review on hot stamping. J. Mater. Process. Technol [Elsevier]. 2008. vol. 

210, p. 2013-2118 [27.4.2018]. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

989 

[2] SCHMIDOVA, E. and HANUS, P. Weldability of Al-Si coated High Strength Martensitic Steel. Transportation 

Engineering [periodica polytechnica]. 2013. vol 41/2, pp 127-132. 

[3] KOLARIKOVA, M., KOLARIK, L., PILVOUSEK, T. and PETR, J. Mechanical properties of Al-Si galvanic coating 
and its influence on resistance weldability of 22MnB5 steel. Deffect and Diffusion Forum [Scopus]. 2016. vol. 368, 

pp 82-85. 

[4] WINDMANN, M., RÖTTGER, A. and THEISEN, W. Mechanical properties of AlxFey intermetallics in Al-base 
coatings on steel 22MnB5 and resulting wear mechanisms at press-hardening tool steel surfaces. Surface & 

Coatings Technology [Elsevier]. 2017. Vol. 321, pp 321-327. 

[5] MARKER, C.J.M., SKOLYSZEWSKA-KÜHBERGER, B., EFFENBERGER, H.S., SCHMETTERER, C. and 
RICHTER, K.W. Phase equilibria and structural investigations in the system Al-Fe-Si. Intermetallics [Elsevier]. 

2011. vol. 19, p. 1919-1929 [27.4.2018]. 

[6] WINDMANN, M., RÖTTGER, A. and THEISEN, W. Phase formation at the interface between a boron alloyed 
steel substrate and an Al-rich coating. Surface & Coatings Technology [Elsevier]. 2013. Vol. 226, pp 130-139. 

[7] WINDMANN, M., RÖTTGER, A. and THEISEN, W. Formation of intermetallic phases in Al-coated hot-stamped 
22MnB5 sheets in terms of coating thickness and Si content. Surface & Coatings Technology [Elsevier]. 2014. 

Vol. 246, pp 17-25. 
  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

990 

NANOINDENTATION METHODS OF EVALUATION OF MECHANICAL PROPERTIES AND 
BEHAVIOUR AND COMPLEX APPLICATION FOR EVALUATION OF TECHNOLOGY AND 
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Abstract 

Nanoindentation methods used for evaluation surface layers are static indentation and scratch indentation too. 

Static indentation methods are used namely for evaluation hardness characteristics and for evaluation elastic 

deformation and plastic deformation of surface layers too based on measurement indentation curves - 

dependence depth indentation and normal force during all indentation process during loading and unloading. 

Cyclic and step by step indentation modes give possibilities to evaluate much more information about resistivity 

of surface layers to the indentation stress. Scratch indentation methods are used for evaluation namely 

adhesive cohesive properties and behaviour of surface layers with very small thickness or/and thin films with 

very low resistivity of thin films and low hardness. The surface layering is created by technology process of 

creation of thin films and surface treatment process or by initiation and evolution of degradation process and 

ageing process. The initiation of degradation and ageing are evaluated in the starting stadium and in the next 

with step by step sensitive analysis of changing properties and behaviour. From this point of view static 

nanoindentation and scratch nanoindentation are very useful for analysis step by step changing of mechanical 

properties and behaviour with high sensitivity and depth resolution too. The paper presented utilization of 

nanoindentation static and scratch nanoindentation too for very different application in surface treatment but 

for evaluation of degradation and ageing process too.   

Keywords: Nanoindentation, scratch nanoindentation, radiation ageing, temperature ageing,  

       degradation of material, thin films, surface treatment   

1. NANOINDENTATION ON SURFACE OF SYSTEM THIN FILM - GLASS SUBSTRATE 

There was tested possibilities for analysis of properties 

and behaviour of thin films created by method Sol Gel 

[1] on glass substrate. Nanoindentation measurement 

was realised by setting mode 2 - indentation curve - 

loading, time delay 10 s and unloading. Measurement 

was provided by two different maximal load 25 g 
(Figure 1) and 5 g (Figure 2). Maximal load 25 g is for 

analysis modification of surface of glass by deposition 

process and 5 g is for evaluation differences between 

thin films on all systems thin film - glass substrate, 

because substrate is the same but thin films are 

different.  

Indentation curves with maximal load 25 g (Figure 1) 

show the highest hardening of surface on systems 4 th 

and 5 th. The curves on systems 1 st show the lowest 

hardening of surface. Optimal hardness and toughness 

is on 2 nd system thin film - glass substrate.  

Figure 1 Indentation curves from measurement by 

maximal load 25 g 
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Figure 2 Indentation curves from measurement by maximal load 5 g 

Measurement on Figure 2 represent results from indentation by maximal load 5 g. The highest hardness is on 

2 nd systems. The other systems are similar. The elasticity of thin films is higher then only surface of glass 

before deposition.   

2. NANOINDENTATION ON SURFACES OF HARD THIN FILMS ON CUTTING TOOLS 

The systems with different hard thin films created by different technology proces PVD [2] and PA CVD [3] with 

small resistivity was evaluated by nanoindentation. Measurement was realised by maximal normal load 200 g 
(Figure 3), 25 g (Figure 4) and 2 g (Figure 5) for evaluation modification of surface of substrate under thin 

films by deposition process and hardening of surface of substrate by thin films (200 g), evaluation properties 

and behaviour on interface between thin films and substrate (25 g), evaluation properties and behaviour of thin 

films (2 g).  

 
Figure 3 Indentation curves with maximal load 200 g 
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The indentation curves measured by mode 2 - loading, time delay 10 s, unloading with constant rate of loading 

show the highest hardening of surface is on systems thin films - substrate with thin films deposited by arc 

evaporation.  

 

Figure 4 Indentation curves with maximal load 25 g 

Indentation curves on Figure 4 measured by 25 g maximal load show the highest hardening of surface on 

systems with thin film from arc evaporation too. From this measurement is possible to view, what thin films has 

higher elasticity then substrate on all systems thin film - substrate.  

 

Figure 5 Indentation curves with maximal load 2 g 

Indentation curves measured by maximal load 2 g (Figure 5) give evaluation namely properties and behaviour 

thin films. The highest hardness has thin films deposited by arc evaporation. Similar hardness has thin film 

from electron beem evaporation. The elasticity of thin films is higher then substrate.        
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3. NANOINDENTATION ON SURFACES AFTER TEMPERATURE DEGRADATION PROCESS 

Indentation curves during loading and unloading with using different normal load 5 g (Figure 7), 25 g and  

200 g (Figure 6) bring information about changing of mechanical properties and behaviour in different depth 

of thin film system. Changing of indentation curves with maximal load 200 g start at temperature loading  

600 C. The indentation curves has lower angle and increase depth of indentation. From this temperature the 

hardness of substrate decrease because the temperature of treatment this HSS was crossed. The decreasing 

of hardness increase more rapidly, increase ratio plastic deformation towards elastic deformation. Indentation 

curves with lower load has similar changing of curves, only hardening of surface is better evaluated and 

changing is possible to evaluate from temperature 650 C. Similar changing is for loading 5 g too. Surface brittle 

failures is possible to evaluate from 600 C temperature loading.   

 

Figure 6 Comparison of indentation curves with maximal load 200g and 25g on sample after temperature 

loading from 20 C to 750 C 

 

Figure 7 Comparison of indentation curves with maximal load 5g on sample after temperature loading from 

20 C to 750 C 

4. NANOINDENTATION ON SURFACES OF POLYMER MATERIALS AFTER DIFFERENT AGEING 
PROCESSES  

Indentation curves with maximal load 1000 mN was measured by Berkovich indentor on surfaces of samples 
after action sun radiation 1000 hours and 2000 hours. The results show (Figure 8) what after radiation the 
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large hardening was created after 1000 hours action of sun radiation. Other 1000 hours influence of sun 

radiation create smaller hardening.  

Ageing during sun radiation 1000 hours and 2000 hours 

 

Figure 8 Indentation curves measured before and after action sun radiation on surface of sample of polymer 

material 

Ageing during long time heating 1000 hours and 2000 hours 

 

Figure 9 Indentation curves measured before and after action higher temperature on surface of sample of 

polymer material 

Scratch indentation measurement was realised with increasing normal force with constant rate of loading on 

surfaces of polymer material after 1000 and 2000 action higher temperature 60 st. C. The results show  
(Figure 9) what the hardness of surface of polymer material increase after 1000 hours action of temperature 

and after 2000 hours action temperature, too, on both sides of measured samples.  

5. CONCLUSION 1 

On the start the results give information what is not possible to evaluate these specific systems by our method 

for analysis. The problem is in very small thickness, small resistivity thin films, small resistivity surface of glass 

substrate - brittle fracturing, transparency of thin films and here are not differences in color in contrast with 

glass. The first results show what it is very important refinement of measurement by changing parameters of 

measurement - changing rate of samples under indentor, maximal load is important decrease and geometry 
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of diamond Rockwell indentor was changed. There was evaluated adhesive cohesive behaviour, hardness 

and elastic plastic deformation by indentation and thickness by calotest and x-ray fluorescent method. The 

result give us differences. The highest resistivity is on systems 2 nd, then on systems 1 st and 5 th and the 

lowest resistivity is on systems 3 rd and 4 th. Thickness the highest on systems 3 rd and here is problem with 

resistivity. Optimal thickness is about 400 nm.  

6. CONCLUSION 2 

There was evaluated different systems of thin film - substrate with the same substrate from HSS and the same 

kind of thin films but prepared by different technology process of deposition - PVD - arc evaporation, elektron 

beem evaporation and magnetron sputtering. The best resistence to scratch indentation test has system with 

thin films prepared by elektron beem evaporation method deposition and arc evaporation. The lowest 

resistence has systems with thin films deposited by magnetron sputtering method of deposition. The highest 

hardening surface of systems is on systems with thin films prepared by arc evaporation and then by elektron 

beem evaporation. 

7. CONCLUSION 3 

The results in this paper show changing of mechanical properties and behaviour after temperature stress with 

different temperature. Here is possible to view step by step changing during different temperature. At the first 

is decreasing small cohesive failures because decrease stress in thin film created by deposition process. In 

other step slowly change TiN thin film from surface to the oxide film. It is possible to view from calotest 

measurement. Changing TiN to oxide film is resulted in increasing surface hardness but increasing brittle 

fracture in surface layer. From 600 C temperature hardness of substrate under thin film decrease and plastic 

deformation around indents and scratches increase and influence on expansion brittle fractures around 

indents.  

8. CONCLUSION 4 

The reasult show what changing of properties after sun radiation and action higher temperature in the long 

time on surface of sample of selected polymer material is measurable by sensitive nanoindentation 

measurement and scratch nanoindentation measurement, too.   
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Abstract   

Continuous improvement of quality and cost saving in manufacturing of machine parts result in the search for 

an alternative materials for high temperature applications. In the present study a comparaison of cobalt-matrix 

material and iron based material for PTA hardfacing is presented. These materials are used for plasma 

hardfacing of sealing surfaces of industrial valves operating at elevated temperatures. The feed stock powders 

were compared in terms of particle geometry and quality. The deposits were made by continuous current and 

by pulse current of 3 and 100 Hz. The samples were subjected to thermal stress at 600 ˚C for 3 hours. The 

geometry and the structure of deposits were compared. Microhardness were meassured on cross section of 

the deposits. It was found that the iron based materials becomes harder after heat treatment. Even that they 

present lower hardnes than cobalt based ones.   

Keywords: Pulsed-PTA, hardfacing, cobalt-based alloys, iron-based alloys, microhardness   

1. INTRODUCTION 

Cobalt based alloys are used in wide range of 

applications where the highest wear and corrosion 

resistance is required. They are suitable for high 

temperature applications and have better creep 

resistance compared to iron-based superalloys. 

They are used for sealing surfaces of valves and 

their seats, parts of pressure gauges and stressed 

parts of industrial valves. In comparison to high-

nickel-content alloys, they are also better 

weldable. [1] [2] [3]. Cobalt alloys of this type were 

put into practice by Elwood Haynes, the American 

metallurgist. These alloys are composed of cobalt 

matrix, carbon, molybdenum, chromium, nickel 

and tungsten. The total number of these alloys is 

about 60 and are named by trade names such as Celsit, Stellite. Cobalt prices in world markets have grown 
significantly over the last two years after a period of stagnation (Figure 1). Since 2013, the price has more 

than doubled. At the end of March 2018, the price of one ton of cobalt was 76,410 € [4]. The consequence of 

the described situation is continuously growing effort to find materials with reduced cobalt content and with 

properties that meet the requirements for critical and supercritical conditions (i.e. thermal power plant). 

The aim of this project is to compare and characterize properties of cobalt- and iron-based powders for plasma 

hardfacing. The Deutsche Edelstahlwerke powder portfolio [3] contains three types of ferrous alloys (Fesit VP, 

Fesit SN-P, Fesit NP), which should correspond to Celsit cobalt alloys (Celsit VP, Celsit SN-P, Celsit NP) The 

aim of this experiment is to examine the similarity of these powders. In this experimental work FESIT V-P and 

CELSIT V-P are tested in the form of powders for plasma welding [5] [6]  

Figure 1 Cobalt price development, last 5 years 
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Table 1 corresponding alloys, assumption [2] 

Celsit V-P (Alloy 6) Fesit V-P (TS-1) 

Celsit SN-P (Alloy 12) Fesit SN-P (TS-1) 

Celsit N-P (Alloy 1) Fesit N-P (TS-1) 

2. EXPERIMENTAL  

Welding of the coatings on the mild steel substrates was carried out on a PPC 250 R6 hardfacing automate 
(KSK, s.r.o., Czech Republic). The machine allows the use of pulse welding at frequencies of 0-200 Hz and a 

welding current of 50 to 250 A. The plasma trajectory can be controlled in 6 axes - 2 axis by positioner and 4 

axis by plasma torch. Hardfacing can be controlled manually or using program management. [7]  

Two types of additive materials in powder form were used in the experiment; their chemical composition is 
shown in Table 2 (Fesit V-P, melt 253942) and in Table 3 (Celsit V-P, 256568 and 256569). The chemical 

composition differs, in particular, in the cobalt content, where CELSIT V-P powder is represented by higher 

percentage. In the FESIT V-P powder the cobalt content is 13 wt% only. Cobalt is replaced by an iron matrix 

that is more cost-effective than cobalt. 

Table 2 Chemical composition of powder FESIT V-P wt %, Ch.no 253942 [8] 

C  Si  Mn  P  S  Cr  Mo  

1.17 4.94 0.15 0.018 0.007 29.2 0.07 

Ni  W  Co  B  Fe  

10.3 0.05 13 0.003 rest 

Table 3 Chemical composition of powder CELSIT V-P wt %, Ch.no 256568 a 256569   

C  Si  Mn  P  S  Cr  Mo  

1.024 1.36 0.16 0.01 0.005 27.7 0.05 

Ni  W  Co  B  Fe  

1.00 4.23 Rest 0.005 1.11 

A 25 mm mild steel base material was cut into 30x87 mm samples. Temperature of substrate was measured 

by two thermocouples. The first thermocouple was placed at the beginning of the welding, the other on the 

opposite side of the sample. The temperature was recorded by the ALMEMO 5690-2M [8]. The temperature 
pattern for the thermocouple 2 is shown in Figure 2: The 

temperature of the substrate during the welding of the 

pulse welding current was higher than that of the 

continuous current. [10] 

In the experiment, six one-layer welds were deposited onto 

the base material. The wide of welding pattern was 13 mm 

and wave speed 8 mm · s-1, a torch speed was 2 mm · s-1. 

The feed rate was set to 13. After deposition, the sample 

was cooled down in flux backfill. 

After welding and cooling, the samples were cut into two 

by metallographic saw. One part was characterized after 

welding. The second part of each sample was subjected 

to a thermal treatment at 600 ° C for 8 hours. 
Figure 2 temperature of substrate 
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The Vickers hardness of the samples was measured on Indenta Met 1104 (Buehler) microhardness apparatus. 

The tip load was set to 1K (corresponds to one kilogram load), imprinting time of 11 s. Imprints were taken 

through the centre of the samples at a distance of 1 mm apart. For subsurface hardness and hardness nearby 

melting line was made 5 impressions. Three or four imprints were then made in the area of the deposited layer. 

Table 4 sample identification 

Sample  Powder type  Current  

Cont/pulse 

Current 

[A] 

Thermal 
treatment 

F1 

FESIT V-P 

 

pulz 3 Hz 210/90 
no 

 
F2 pulz 100 Hz 212/82 

F3 Cont. 114 

F4 pulz 3 Hz 210/90 

yes 

 
F5 pulz 100 Hz 212/82 

F6 Cont. 114 

C1 

CELSIT V-P 

 

pulz 3 Hz 210/90 
no 

 
C2 pulz 100 Hz 212/82 

C3 Cont. 114 

C4 pulz 3 Hz  210/90 

yes 

 
C5 pulz 100 Hz 212/82 

C6 Cont.  114 

3. RESULTS AND DISCUSSION 

The grain size of the additive materials was observed with respect to porosity and particle size. Production of 

powder for welding is carried out by injecting a melt stream into an inert atmosphere. The produced particles 

are then sifted through sieves and sorted by size. For plasma welding, the optimum particle size is 

approximately 140 μm. 

  

Figure 3 Powder particles of Celsit V-P Figure 4 Powder particles of Fesit V-P 
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Figure 5 Deposits of Celsit V-P (C1, C2, C3), Fesit V-P (F1, F2, F3) 

The individual particles are rounded in both powders; however powders show a non-uniformity of shapes from 
spherical to elongated particles of different diameters. In the FESIT V-P powder (Figure 4) there are also 

particles with a length twice the maximum value of the particle size. In contrast, the CELSIT V-P powder 
(Figure 3) is characterized by an increased amount of adhering small particles on larger particles. The declared 

particle size of the additive materials used is 63-200 μm. Despite these aspects, powders meet the 

requirements for these materials and no differences in properties have been found during powder feeding to 

the melting pool. 

The weld surface of all samples is regular and homogeneous (Figure 5). Differences in the technological 

properties of welding powders were not observed between two tested powders. Occasional swings in the 

direction of welding were caused by the alignment of the torch trajectory during the welding process. 

The microstructure was observed on cross sections made approximately in two-thirds of weld length from the 

beginning of the weld. It turns out that welds made by the pulse current show less wettability and better holding 
of the "wall" of the weld (Figure 6). Beads performed at 3Hz pulsed current have an irregularity corresponding 

to individual plasma pulses. In general, this mode with minimal wettability can be recommended for 

applications where it is necessary to create a narrower and taller wall. For flat applications, a frequency of 

approximately 100Hz can be recommended 

 

Figure 6 Cross sections of deposits 

The microstructures of the individual samples show a dendritic structure. (Figure 7 - Figure 10) Dendrites are 

probably rich in cobalt. [9] 

C2         C1         C3         F2     F1     F3 
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Figure 7 Microstructure of sample F3, 500x Figure 8 Microstructure of sample F6, 500x 

Figure 9 Microstructure of sample C3, 500x Figure 10 Microstructure of sample C6, 500x 

Figure 11 Microhardness of all samples on cross sections, in the middle of the layer 
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Structures after heat treatment are not much different from those of untreated samples. According to [10] [11], 

there are cobalt particles in the etched area - shiny areas, dark areas are areas of eutectic structure. 

The course of hardness for all samples is characterized by a stable values with a decrease in hardness in the 
area of the base material (Figure 11). The x-axis corresponds to the depth of the impression so that the value 

0 lies on the transition of the weld - base material (marked with a dashed line in the graph). The hardness of 

the weld is approximately twice the hardness of the base material. 

For the CELSIT V-P additive material (sample group C), a higher hardness for all six samples is clearly visible. 

The highest hardness of 454 HV was achieved for C2 - pulsed current at 100 Hz. 

Heat treatment caused curing of all samples in the transition area of the welding-base material. In addition, for 

FESIT V-P samples (Group F), the hardness increase is approximately 50 HV. CELSIT V-P coatings did not 

present any hardening effect after the thermal treatment. In contrast, there was a slight decrease in hardness 
(Figure 12). 

  

Figure 12 Microhardness after hardfacing and after heat treatment on 600 C/8h 

  

Figure 13 Microhardness of layers Celsit V-p and Fesit V-P after welding and heat treatment  

on 600 C/8h 

CONCLUSIONS 

In this experimental work, six samples of cobalt and low-cobalt alloy were welded and heat treated. Two types 

of additive materials were used: FESIT P-V and CELSIT P-V. All deposits were well bonded to the base 

material. 

The additive powder material exhibited a non-uniformity of shape and particle size. Based on practical findings 

in welding and particle analysis, the material was judged to be suitable for the plasma transferred arc 

deposition. 
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Structures of deposited materials were evaluated micro and macroscopically. 

The highest hardness was achieved with the CELSIT V-P material using a 100 Hz pulse welding current. The 

CELSIT V-P powder exhibits a higher hardness of welded coating for both untreated and processed samples 

than FESIT P-V powder. The heat treatment hardens the welded layers especially on the transition of the 

welding-base material. 

The microstructure of the samples is dendritic, after the thermal exposure for the cobalt weld is identical, with 

the low-cobalt weld slightly different. 

The prerequisites of this work were similar to those of FESIT V-P and CELSIT V-P powders. These experiment 

results do not fully correspond to the DEW powder distribution [2] 

ACKNOWLEDGEMENTS   

This project was supported by SGS16/217/OHK2/3T/12 

REFERENCES 

[1] POPE, J. Edward. Rules of thumb for mechanical engineers: a manual of quick, accurate solutions to everyday 

mechanical engineering problems. Houston: Gulf Pub. Co., 1997. ISBN 978-0884157908 

[2] ALMSTRÖM, Linda a Camilla SÖDERSTRÖM. ALternative materials for high-temperature and high-pressure 

valves. Karlstad, 2010. Degree Project. Karlstads universitet. Vedoucí práce Pavel Krakhmalev. 

[3] Stellite. Chemistry learner [online]. b.r. [cit. 2018-03-28]. Dostupné z: 

http://www.chemistrylearner.com/stellite.html 

[4] 5 Year Cobalt Prices and Price Charts. In: InvestmentMine [online]. b.r. [cit. 2018-03-26]. Dostupné z: 

http://www.infomine.com/investment/metal-prices/cobalt/5-year/ 

[5] Werkzeugniss nach 10204-2.2: DEW FESIT V-P. Deutsche Edelstahlwerke, 2010 

[6] Werkzeugniss nach EN 10204-2.2: DEW CELSIT V-P. Deutsche Edelstahlwekre, 2016 

[7] Plazmové automaty. KSK Česká Třebová [online]. b.r. [cit. 2016-10-04]. Dostupné z: 

http://www.kskct.cz/plazmove-automaty/ 

[8] Měřící ústředny Almemo. ALHBORN: Přesná německá měřící technika [online]. b.r. [cit. 2016-12-15]. Dostupné z: 

http://www.ahlborn.cz/pristroje/merici-ustredny-almemo/almemo-5690-2m-merici-ustredna-az-se-100-
univerzalnimi-mericimi-vstupy.html 

[9] VITE, M., M CASTILLO, L.H. HERNÁNDES, G. VILLA, I.H. CRUZ a D. STÉPHANE. Dry and wet abrasive 
resistance of Inconel 600 and stellite. 2004, , 6 

[10] PAESI, R. M. G. a A. SCHEID. ARTIGOS TÉCNICOS/TECHNICAL PAPERS Effect of deposition current on 
microstructure and properties of CoCrWC alloy PTA coatings. b.r 

[11] SAWANT, Mayur S. a N.K. JAIN. Investigations on wear characteristics of Stellite coating by micro-plasma 
transferred arc powder deposition process. Wear. 2004, , 10 

  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1003 

OPTIMALIZATION OF EVALUATION OF INITIATION OF TEMPERATURE AGEING 
PROCESSES OF SELECTED CABLE ISOLATION 

Lucie ŠTĚPÁNOVÁ, Ivo ŠTĚPÁNEK, Andrea MERTOVÁ, Lucie ŠIMEČKOVÁ  

Institute of Thermomechanics CAS, v.v.i., Czech Republic, EU 

stepanova@it.cas.cz  

Abstract 

The paper is devoted of verification of possibilities of evaluation of initial changing of properties and behaviour 

of selected polymeric isolation of cables after defined temperature loading simulated of external operational 

conditions and simulated temperature loading evoked by current loading. There are evaluated initial properties 

and behaviour of selected polymeric cable isolations and properties and behaviour after natural ageing process 

and controlled accelerated ageing process during higher temperature loading and different time of exposition 

to the higher temperature. The method of x-ray fluorescence analysis is used for evaluation of differences of 

changing of properties and behaviour of polymeric isolation cable materials after natural ageing process and 

after accelerated controlled ageing processes. There are verificated the possibilities for analysis differences in 

behaviour of polymeric insulation materials after different ageing process. The paper is namely devoted by 

verification of the possibilities analytic methods for evaluation initial of changing of properties and behaviour 

by nanoindentation methods for analysis very small differences in mechanical properties and behaviour of 

surface layers of polymeric materials used in the application isolation of cables. There are optimized the 

parameters of nanoindentation measurements for analysis of differences in hardness and elastic plastic 

behaviour.    

Keywords: Nanoindentation, scratch indentation, cable isolation, radiation ageing, temperature ageing,  

         x-ray fluorescence   

1. INTRODUCTION 

The thin films are created by deposition process as controled process of its creation by deposition parameters. 

The thin films are created by modification process, too, with controled the parameters of these technology 

processes [1]. The thin films are created as single, multilayers, gradient and so on [2]. The degradation 

processes create thin films, too, on surface or as modification to the depth of material systems from surface 

[3]. This kind of thin film - substrate systems are multilayer systems or gradient systems. The control of process 

of degradation is possible by sensitive analytical methods as nanoindentation with different maximal load of 

indentation and different modes of measurement. Different analytical methods were optimized during solution 

goals correlation between deposition parameters and properties and behaviour of systems thin film - substrate 

and solution of goals to optimize analytical methods for possibility evaluation of systems thin film - substrate 

with very different resistivity, hardness, thickness, substrate and so on. These experiences are used for 

optimisation analytical methods for evaluation of surfaces after corrosive and temperature degradation 

processes.      

2. NANOINDENTATION MEASUREMENT OF POLYMER MATERIALS 

At the first there are realised the basic evaluation of properties and behaviour of different type of polymer 

materials by nanoindentation. The standard measured mode of nanoindentation was used with setting different 

maximal value of load. The indentation curves measured during loading, time delay in maximal load and during 

unloading show much more elastic deformation then plastic deformation on sample 1. Only nanoindentation 
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has possibility to evaluate materials with marked elastic deformation. The limit of maximal indentation depth is 

about 20 microns. The maximal load must be reduced from this point of view. The properties and behaviour 

can be different in different depth from point of view natural ageing of polymer materials and from point of view 

producing of polymer materials, too. Indentation with different value of load brings information about properties 
and behaviour from different depth under surface (Figure 1 and Figure 2).   

       

Figure 1 Indentation curves measured on surface of polymer material sample 1 

       

Figure 2 Indentation curves measured on surface of polymer material sample 2 

3. CYCLIC NANOINDENTATION MEASUREMENT OF POLYMER MATERIALS 

The cyclic nanoindentation bring much more information about behaviour of surface of polymer materials 

because during indentation step by step increase maximal load during several indentation tests with evaluation 

depth during loading, time delay in maximal load and during unloading. Step by step increasing depth in 

maximal load bring information from different depth from surface about changing of elastic and plastic 

deformation, changing of hardness in different depth and hardening during indentation process of stress. Here 

is possible to evaluate natural ageing created from time of production polymer material to the time of evaluation 

properties. These measurement give a start point for evaluation of changing after non-natural ageing created 

by temperature heating in long time. The measurement was created with using different value of final maximal 
load in the end of all cyclic measurement (Figure 3 and Figure 4). This setting increase information from large 

interval of depth under surface and increase sensitivity in small depth under surface, too.  
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Figure 3 Cyclic indentation curves measured on surface of polymer material sample 1 

       

Figure 4 Cyclic indentation curves measured on surface of polymer material sample 2 

4. EVALUATION OF CHEMICAL COMPOSITION OF POLYMER MATERIALS 

         

Figure 5 X-ray fluorescent spectrum on sample 1 and sample 2 of polymer material 

Surface sensitive method for evaluation of changing chemical properties is x-ray fluorescent method. This 

method gives the possibility to evaluate chemical composition from relatively small and relatively large depth 

for evaluation properties and behaviour in degraded surface layers by corrosive stress, temperature stress 

therefore ageing process during temperature heating in long time, too. There is very important at the first to 
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analyse starting point of chemical composition before ageing process (Figure 5). The polymer materials are 

namely amorphous and x-ray fluorescent spectrums are very complicated but for evaluation changing in 

composition it is sufficient. The polymer materials have different additives and from evaluation of amount of 

these additives give good possibility for evaluation its changing.  

5. AGEING PROCESS OF TEMPERATURE DEGRADATION OF POLYMER MATERIALS 

The samples of polymer materials were exposed to action high temperature environment in furnace. There 

was realised experiments with temperature heating in long time by step by step stress and realisation 

temperature ageing to the 800 hours and heating was realise to about 100 C. The measurement was realised 

on 2 different samples from 2 different kinds of polymer materials. The sample 2 of polymer materials has as 

marked additive Pb.      

6. ANALYSIS POLYMER MATERIALS AFTER AGEING PROCESS BY X-RAY FLUORESCENT 

The changing of chemical composition after ageing was tryed to evaluate by x-ray fluorescent method. Here 

are three possibilities - analyse chemical composition after calibration for analysis chemical composition, 

analyse thickness of thin films on surface of basic material and analyse x-ray fluorescent spectrum. Evaluation 

after calibration for analysis of chemical composition is not possible to use, because we do not have standards 

for this analysis. Evaluation after calibration on analysis of thickness of thin films created by degradation 

process is not possible to use, too, because there is not contrast in chemical composition of degraded surface 

layers and basic state of substrate. The analysis of changing of x -ray fluorescent spectrum gives acceptable 

possibility to evaluate changing after ageing process. The standard measurement give spectrum with high 

noise. There was realised changing of measured parameters and setting of equipment for decreasing noise 

and get more precise spectrums Figure 6.  

  

Figure 6 X-ray fluorescent spectrums on sample 1 and sample 2 of polymer material before and after ageing 

process of temperature stress 

7. ANALYSIS OF CHANGING MECHANICAL BEHAVIOUR BY NANOINDENTATION 

The samples of polymer materials were measured by nanoindentation after ageing process. At the first the 

same value of maximal load was used for measurement samples of polymer materials after ageing process 

for possibilities comparing mechanical behaviour before and after ageing process of degradation. At the 

second large value of maximal load was used for evaluation changing properties to maximal depth under 
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surface, which enable nanoindentation measurement (Figure 7 - Figure 9). It is about 20 microns to the depth 

under surface, but measurement is influenced from higher depth.  

              

Figure 7 Indentation curves measured on polymer material - sample 1 after ageing 

             

Figure 8 Indentation curves measured on polymer material - sample 2 after ageing 

 

Figure 9 Indentation curve measured on polymer material - sample 2 after ageing 

8. ANALYSIS OF CHANGING MECHANICAL BEHAVIOUR BY CYCLIC INDENTATION 

The samples of polymer materials were measured in the other step by cyclic nanoindentation after ageing 

process of degradation. At the first the measurement from point of view good comparison between before and 

after degradation process was realised with the same value of maximal load. At the second the measurement 
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was realised with value of maximal load from point of view to get information about changing mechanical 
behaviour in the large depth under surface (Figure 10 - Figure 13).  

            

Figure 10 Cyclic indentation curve measured on polymer material - sample 1 after ageing 

             

Figure 11 Cyclic indentation curve measured on polymer material - sample 1 after ageing 

           

Figure 12 Cyclic indentation curve measured on polymer material - sample 2 after ageing 
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Figure 13 Cyclic indentation curve measured on polymer material - sample 2 after ageing 

9. CONCLUSION 

The optimisation of measurement of mechanical properties and behaviour of polymer materials from point of 

view its large elastic deformation was realised by nanoindentation in mode for measurement indentation curves 

during all indentation process loading to maximal load, time delay in maximal load and unloading. Here is 

possible to analyse changing rate of elastic and plastic deformation before and after ageing process of 

degradation. The much more information is given by measurement not only simple indentation curves but by 

using mode for measurement by cyclic nanoindentation method with step by step increasing maximal load in 

each cycle of measurement. There was optimised measurement by x-ray fluorescent method for possibility to 

measure polymer materials.  

The x-ray spectrums measured before and after ageing process give possibility evaluate changing of chemical 

composition created by ageing process of temperature degradation. The results show, what the polymer 

materials 2 change rapidly chemical composition on the surface during ageing process. The polymer materials 

1 not show marked changing in composition measured on surface before and after ageing process.  

The nanoindentation curves single and cyclic measured before and after ageing process give possibility 
evaluate changing of mechanical properties and behaviour more sensitive which are created by ageing 
process of degradation. The nanoindentation has presumption for control process of degradation for evaluation 
changing mechanical properties and behaviour and prediction of changing after evaluation in different steps 
of degradation process. The polymer materilas 2 has marked changing of behaviour during indentation 
process. The elastic deformaton is decreased and hardness of polymer materials on surface increase. The 
polymer materials 1 not change properties significantly.  
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Abstract 

The work presents the microstructure, chemical composition and mechanical properties of Inconel 686 

coatings after high - temperature corrosion in environment of aggressive gases and ashes.To produce  

the Ni - based coatings the QS Nd:YAG laser cladding process was carried out. As the substrate used 

13CrMo4-5 boilers plate steel. Ni - base alloys characterize the excellent high-temperature corrosion 

resistance, good strength and ability to work in aggressive environments. Formed clad were characterized by 

high quality of metallurgical bonding with the substrate material and sufficiently low amount of the iron close 

to the clad layer surface. After corrosion experiment the oxide scale on the substrate and clad created. The 

scale on 13CrMo4-5 steel had 70 μm thickness while the scale of the clad had less than 10 μm. The 

microstructure, chemical composition of the obtained clad and scales were investigated by scanning electron 

microscope (SEM) and electron probe microanalyzer (EPMA) equipped with the EDS detectors.  

Keywords: Laser cladding, Inconel 686, high - temperature corrosion, aggressive environment, oxide scale  

INTRODUCTION 

The increasing emission standards are forcing the energy industry to continuous quest for constructing and 

building power boilers for maximum efficiency, while maintaining the lowest possible emission of dangerous 

combustion products to the environment [1]. It forces to develop new technologies of fuel combustion energy 

such as: gradual combustion, which contributes to the formation in the power plant boilers, places with various 

corrosive environments, like: reducing or oxidizing. As a result, the construction boilers materials work in a 

completely different condition depending on the location. Changes in condition have a decisive influence on 

the corrosion, resulting in the life of the power plants. The level of corrosion becomes stronger when the plant 

fuel is switched to alternative fuels such as: biomass and municipal waste. The result of their combustion are 

very aggressive chlorine compounds which become a catalyst for corrosion processes due to low melting 

eutectic composition or closed transport cycles of chlorine. Therefore, it is necessary to develop resistant 

materials and coatings for high efficient power units able to work under these difficult conditions [2]. Low price 

construction steel like 13CrMo4-5 covered by high corrosion resistance material like nickel-base alloy such 

Inconel 686 (Ni-Cr-Mo-W) offering an excellent high-temperature corrosion resistance in oxidation and 

reduction environments, good strength and creep resistance in elevated temperatures [3]. On the top of Inconel 

686 the corrosion processes could create the Cr2O3 and NiO2 scales which are a barrier against further 

oxidation of material [4,5]. The investigation confirm that alloying elements like Mo and W diffuse to grain 

boundaries places which are particularly exposed to corrosion [6]. However those elements are high resistance 

on corrosion and their higher content in grain boundaries should be barrier against further degradation of 

material. Therefore the samples were subjected to high temperature corrosion experiments  in environments 

similar to coal combustion power plants with atmosphere of gases: CO2, H2O, N2, O2, SO2 and ashes: Fe, O, 

Si, Ca, Cl, Na, C, Al, K, Mg, S at time 240 h.  
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There are papers available in the literature about high temperature corrosion of the Ni-base alloys in oxidizing 

atmosphere simulating work environment of turbine engines for aircraft [8,9]. However, there are carried out 

research about behavior of Ni - base alloys during high temperature corrosion in aggressive gases 

atmospheres and ash environment occurring combustion process of coal and municipal waste [10,11]. 

Therefore there is no information about the Inconel 686 clad layers obtained using laser cladding process. 

Therefore the motivation and importance of this study is the investigation of the influence of Ni-base coatings 

on the 13CrMo4-5 iron alloy’s high temperature resistance. The aim of the present work was the high-

temperature corrosion of Inconel 686 coatings clad on 13CrMo4-5 steel exposed to aggressive environment 

containing harmful gases and ashes as well as the characterization of the microstructure and the changes in 

chemical composition of scales. Therefore we have used scanning electron microscopy (SEM) and electron 

probe microanalyzer (EPMA) to investigate chemical composition of coatings and scales. 

1. MATERIALS AND EXPERIMENTAL METHODS  

The samples were performed by the laser cladding process described in previous author's work [7]. The low 

carbon steel 13CrMo4-5 was covered by Ni - base alloy Inconel 686. The powder of Inconel 686 was deposited 

on steel by a Q-Switch Nd:YAG JK System 5000 laser .The chemical composition of both metals are presented 
in Table 1. 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 is known 

as material with excellent high - temperature corrosion resistance in aggressive environments.  

Table 1 Chemical composition of the base material - steel Cr13Mo4-5 and the Inconel 686 powder 

13CrMo4-5 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 

 

Figure 1 Apparatus for conducting a high temperature corrosion experiment  
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The corrosion tests were performed in typically coal combustion atmosphere The samples were set into the 

furnace chamber where the gas mixture (CO2, H2O, N2, O2, SO2) was injected after preheating (Figure 1).  

The temperature in chamber was 600 0C which is enough to obtain into chamber the atmospheres with very 

aggressive sulfur compounds and low temperature chloride eutectics. The gases flow through the chamber to 

the utilization system, which ensures the same condition throughout the duration of the experiment. The tests 

were made in two parallel running variations; first: only in gas atmospheres and second: samples in gas 

atmospheres covered by ash with elements typically for coal combustion process such like: Fe, O, Si, Ca, Cl, 

Na, C, Al, K, Mg, S. The Figure 2 presents energy dispersive X- ray spectroscopy of ash investigation before 

corrosion process. The duration time under described above condition was 240 hours. SEM investigation was 

performed using an FEI Nova NanoSEM 450 micro equipped with an EDS spectrometer of EDAX company 

while chemical composition analysis were supported by electron probe microanalyzer (EPMA) contain three 

EDS detectors which collect information from different electron shell lines. 

  

Figure 2 EDS spectrum of the ash used in high - temperature corrosion experiment  

2. RESULTS AND DISCUSSION  

2.1. Scanning Electron Microscope investigation of the scales 

As a result of carrying out the corrosion experiment the oxide scales were created on substrate material steel 

13CrMo4-5 and on Inconel 686 clad layer. The scale of the steel had average 70 μm thickness while the scale 

which grew on the overlay weld had less than 10 μm thickness. In the Figure 3 are present the oxide scales 

observed on base material after corrosion in gas and gas + ash atmosphere. The formed scale is composed 

of two parts: outer and inner scale. After gas + ash corrosion process the created scale on steel is thicker 

(about 90 µm) then obtained after gas interaction (about 40 µm). For coating, scale in similar for both cases of 

corrosion test. The inner scale were created during inner diffusion of corrosive elements, which is confirmed 

by chemical composition analysis in area 3 for gas corrosion and area 3 and 4 for gas + ash corrosion 

conditions (Figure 3). The scales are characterized by occurrence of many pores and brittle structure. As a 

result, it does not constitute a barrier against further oxidation of the substrate material. The chemical analysis 

of the outer scale revealed, the presence of iron and oxygen and additional elements like: sulfur, silicone and 

manganese.  
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Figure 3 The chemical composition of oxide scales created on the top of substrate from steel 13CrMo4-5 

In Figure 4 on the left-hand side is visible a marker (as white gold dots) which was applied to distinguish inner 

and outer scale. The chemical composition analysis showed that in the case of the gas condition on the surface 

of coating were created outer scale which contained higher amount of oxygen, nickel (44.3-47.6 wt%) and 
sulfur (23.2-24 wt%) (Figure 4, area 1 and 2). While in the inner scale (Figure 4 - areas 3 and 4) were observed 

outward diffusion of nickel, chromium, molibdenium and tungsten from the Ni-base clad layer which might 
create the protective oxide scale. However, the amount of sulfur decreases towards to cladding material core. 
Figure 4 on the right-hand side shows the scale created after gas + ash corrosion. This scale is characterized 

by higher amount of silicon which is one of the ash element and can change the character of corrosion 

mechanism, which will be proven by investigation after a longer period of corrosion tests. Additionally, EDS 

analysis confirmed the occurrence of oxygen and nickel (29.7 wt%) in the surface layer of scale. While higher 

concentration of chromium (18.4 wt%) and molybdenum (16.2 wt%) were analyzed in the area close to the 

clad layer surface. 

 
Figure 4 The chemical composition of oxide scales created on the surface of Inconel 686 coatings 
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2.2. Electron probe micro - analysis of the scales 

To improve the changes in the elements concentration in the created oxide scales the microprobe (EMPA) 

technique was used. According to the colors of the scale - the warmer color presents a higher amount of the 
study elements. Figure 5 presents microprobe analysis for coating surface after corrosion in gas and ash 

environments. The analysis showed that there occurred the outward diffusion of chromium and molybdenum 

towards to the surface of Ni-base coating. It should be noted that starts the creation of an inner scale with 

inward diffusion of sulfur and oxygen from the outside environment. 

 

Figure 5 Microprobe (EPMA) analysis of Inconel 686 coating after corrosion test in gas and ash atmosphere 

In the Figure 6 the contact between three areas: steel, clad layer and oxide scale created on the top of material 

substrate steel 13CrMo4-5. The analysis confirmed the diffusion of such element like: chromium and 

molybdenum direct to the surface of the coating. It showed also diffusion of very small amount of sulfur towards 

to the coating material.   

 

Figure 6 Microprobe (EPMA) analysis of Inconel 686 coating after corrosion test in gas atmosphere 
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CONCLUSIONS 

The corrosion processes in gas and ashes atmospheres lead to create oxide scales on carbon steel  

13CrMo4-5 and overlay weld material Inconel 686. The scale of the steel had 70 μm thickness while the scale 

of the overlay weld had less than 10 μm thickness. Study of the scales formed on the Ni-Cr-Mo-W allow to 

determine inward diffusion of nickel, chromium, molybdenum and manganese. Also it was observed the 

outward diffusion of the oxygen and increased quantity of sulfur into the scales.. After corrosion experiments 

the formation of scale with higher amount of: Ni, O, Mo, W and Cr were began, however, time was too short 

to form an uniform scale over the entire surface of the overlay weld. Therefore the long term corrosion 

experiments are needed to investigate the mechanism of corrosion in aggressive environments ofr Ni - base 

coatings like Inconel 686. 
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Abstract  

The presented work constitutes the continuation of the previous research concerning the measurement of the 

tribological properties of different zinc coatings deposited to fasteners. The applied heat treatment was mainly 

focused on increasing the hardness of the outer layer of the zinc coating and increasing wear resistance. 

Fasteners (M12-60 bolts) were galvanized in industrial conditions (according to PN-EN ISO 10684), and next 

were subjected to the heat treatment in an electric chamber furnace. Bolt sets were subjected to analyses 

using the Schatz ® Analyse device. It lets for determining the quality of fasteners in realistic working conditions 

(e.g. assembly) and according to international standards. Results of attempts allowed for determination the 

rate of the friction coefficient of bolts and nuts on the thread and under the head and verification of the coating 

heat treatment influence on measured parameters - microstructure changes, micro-hardness distribution and 

coating topography of the zinc coating before and after the heat treatment.  

Keywords: Hot-dip zinc coating, fasteners, Schatz Analyse  

1. INTRODUCTION 

The hot dip zinc galvanizing process has been studied for many years and still cause a lot of difficulties. Large 

majority of problems regard the ready made surface where defects are observed on the coating surface just 

after installation or after relatively short time of operation. Hot-dip galvanized surfaces are exposed to different 

kind of abrasive wear: mechanical friction, dynamic impacts, interaction with environment containing sands 

and other agressive powders. The surface hardness is one of the fundamental parameters both in the contact 

mechanics as well as in theory frictions, and also the basic parameter in forecasting the exploitation 

permanence of detachable connections, applied in machines [1] 

 

Figure 1 Microstructure of hot-dip zinc coating and its hardness [2] 

The hardness is also the significant parameter of the quality assessment of protective coatings. The most 

frequently used zinc coatings differs essentially in hardness values. The hardness of the coating indirectly 

influences the anticorrosion properties. The wear resistance is an important criterion of the selection of the 

coating for the given application.  Zinc-plated coatings deposited in the galvanic technology demonstrate the 

Hot-dip zinc galvanizing coating 

Alloyed layer Hardness 

100 % Zn - eta (η) 70 HB 

FeZn13 - zeta (ζ) 220 HB 

FeZn7 - delta (δ) 270 HB 

Fe3Zn10 - gamma (Γ) - 
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hardness ab. 50 HV. It is possible to increase this hardness level up to 500 HV through introducing the alloyed 

elements, i.e. Ni (14%) [3,4]. The hot-dip zinc coatings shows layers structure: it was proved, that in Fe-Zn 

diagram occurs three phases, arising as a result of the peritectic reaction: Γ - Fe3Zn10, δ - FeZn7, ζ - FeZn13 

and iron solid solution in zinc - η - Figure 1 [5]. Hardness of outside layer (constituting about 10% of the whole) 

is about 50 HV, diffusion layer Zn-Fe (90% of the whole of the coating) is characterized by a hardness level 

150 HV [6]. The lamellar coatings show an increased hardness of outside surface that reaches even 500 HV 

because of application the thermosetting surface varnish as the last layer. The second important parameters 

that could be used for coating quality evaluation is the friction coefficient. Normally the dynamic friction 

coefficient is measured using a traditional pin-on-disk tribometer, where a pin is pressed against a reciprocating 

counterface [7]. During the tests the following parameters are measured: friction force, the total linear wear of 

test specimens, chamber temperature, rotational speed, and time and the number of disk revolutions (sliding 

distance). Using the mentioned equipment only the flat samples can be tested. In the fastener case the more 

proper is to verify the properties of the coating deposited on the threat or under the bolt’s head. For this 

application more suitable is Schatz Analyse system that allows the determination of torque, clamping force 

and rotating angle as well as thread friction and head friction in bolted joints. The parameters are measured 

under realistic conditions. The system calculates friction coefficients and enables determination of the 

correlation between torque and clamping force. The test are conducted according to ISO 16047 standard and 

simulates real conditions of screws assembling. To improve the hot-dip zinc coating properties also the heat 

treatment is proposed [8,9]. In the literature only a few works regarding this topic is presented but unfortunately 

the given heat treatment parameters are incomplete. So, the aim of presented investigation was to determine 

the influence of the heat treatment on the microstructure, hardness level and friction coefficient of the hot-dip 

zinc galvanized bolts M12-60 to size up the range of HT parameters for further research work. 

2. EXPERIMENTAL 

2.1. Methods of investigation 

The assessment of the heat treatment impact on the properties of steel elements - M12-60 bolts, covered with 

the hot-dip zinc coating were determined on the basis of an microstructure analysis of samples conducted 

using the optical microscope (Axiovert 100 A), the measurement of the microhardness changes at the cross 

section of both: coating and subsurface layer of steel (Vicker’s HV 0.02, Mitutoyo Micro-Vickers HM-210A 

device 810-401 D; Brinell’s HBW method, Innovatest universal tester 700M) and the examinations of 

tribological properties (vertical Schatz Analyse M12 system, type 5413-2777-03 C - laboratory of S.F. BISPOL 

S.A, enabling to perform inspections of threads with size diameter from M5 to M12).   

2.2. Sample preparation technique 

During the experiment M12 - 60 bolts and flat samples made of 23MnB4 steel (0.2-0.25 %C; max 0.3 %Si; 

0.9-1.2 %Mn; max 0.025 %P; max 0.025 %S; max 0.3 %Cr; max 0.25 %Cu; max 0.005 %Ni) and dimensions 

∅25x4 mm, made in the 8.8 strength class were used. Samples were hot-dip galvanized according to PN-EN 

ISO 10684 [10] - etching in 12% HCl, fluxing, dipping in Zn bath with Al, Bi, Ni; in temp. 460 oC, within time 1.5 

min, cooling in water. Next samples were subjected to the controlled heat treatment, in temperature range: 

200 ÷ 530 ºC (in addition screws were subjected to processing in temperature 300 and 430 oC). This process 

was carried out in an electric chamber furnace. The time of treatment was 7 minutes for samples and 11 

minutes for bolts. After the heat treatment samples were taken out of the furnace chamber and were cooled in 

the air, to the environmental temperature. Results achieved for ∅25x4 mm samples will be analyzed 

separately. Before tribological and metallographic examinations the zinc coating thickness was measured 

using electronic PosiTector 6000 tester (method of the magnetic induction, head with the diameter Ø = 9 mm).  

The thickness of the coating on the bolts head was every time included in range 80 ÷ 110 µm. Next samples 

were tested tribologically using the Schatz Analyse M12 testing machine system, type 5413-2777-03 C, the 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1018 

friction coefficient was measured according to ISO 16047 standard. Next, the samples from bolt head were cut 

for metallographic observations. 

3. ANALYSIS OF RESULTS 

3.1. Metallographic observations and micro-hardness distribution 

Observation of the microstructure at the cross section of the coating and the subsurface steel layer was 

conducted using the magnifications: 200 ÷ 1000x. Three samples were being compared: crude (0), after 
processing in temperature 300 oC (1) and after processing in temperature 430 oC (2). Figure 2 is presenting 

an example of microstructure observed at the steel bolt cross section of the head (0, 2).During microscopic 

analysis, at magnification 1000x also a thickness of the coating was verified.     

a         b 

 

Figure 2 Microstructure observed in the bolt head, etched with 4%HNO3; a - sample without heat treatment, 

b - sample treated in 430 oC 

a         b 

 

 

 

 

 

 

 

 

 

Figure 3 Microstructure observed at the cross section of zinc coating deposited on the bolt head, etched with 

4%HNO3; a - sample without heat treatment, b - sample treated in 300 oC 

Additionally the microstructure observed at the zinc coating cross section is presented in Figure 3. Tested 

M12-60 bolts are made in the 8.8 strength class. So, to achieve such high mechanical properties the heat 
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treatment of steel is necessary. Bolts were hold in temperature of 900 oC, cooled dawn in oil and tempered. 

The structure achieved in crude bolt without heat treatment is typical feather-like, where the length of 

precipitations is in the range of 10-14 µm - Figure 2a. After the heat treatment the structure admittedly is 

keeping its character, but dimensions of precipitations after processing in temperature 430 oC increased to 20 

µm. There are also visible change in zinc coating structure. The coating without heat treatment shows structure 
composed of four phases, whereas the structure after heat treatment reveals practically two phases.  

 
Figure 4 Microhardness distribution at the cross section of zinc coating and subsurface layer of steel; 0 - 

without heat treatment, 1 - HT in 300 oC; 2 - HT in 430 oC 

 
Figure 5 An example of the graph registered during the friction coefficient measurement using Schatz 

Analyse M12 testing machine - sample no. 2 - HT in 300 oC  

The observed structure corresponds well with measured micro-hardness distribution at the coating and 

subsurface steel layer cross section - Figure 4. It is clear that as a result of heat treatment the outside coating 
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hardness essentially increases from 58 (sample 0) to 250 (sample 1) and 285 HV 0.02 (sample 2). 

Unfortunately, hardness of subsurface steel layer slightly decreases from 320 to 300 and 290 HV 0.02. The 

measurement of HBW hardness in depth of 2 mm confirmed hardness decreasing correspondingly from 271 

to 255 and 245 HBW. There is no delamination, cracks and surface degradation visible as the result of 

conducted heat treatment. Considering that the target hardness increase is on the level of 100 HV 0.02 the 

applied parameters, both temperature and time looks to be too high. The achieved relatively high hardness 

level can results in too high brittleness of zinc coating. This problem will be further investigated during typical 

pin-on-disk tribological tests. 

3.2. Friction coefficient measurements 

Typical graph registered during friction coefficient measurements using Schatz Analyse M12 testing machine 

system, type 5413-2777-03 C is presented in Figure 5, whereas the achieved results are listed in Table 1. 

During the test the following parameters were used: abutting diameter - 15.55 mm, rate - 10 per minute, sensor 

T/Ang : T - 200 N m - 1033595, sensor F/Tth : F - 100 kN - 150 N m. The following coefficients were 

measured:µb - head friction coefficient, µth - thread friction coefficient, µtot - overall friction coefficient. 

Table 1 Results achieved during friction coefficient measurements 

Sample No. F (kN) T (N m) Tb (N m) Tth (N m) µb µth µtot 

1.1 36.69 169.54 122.93 46.61 0.43 0.16 0.31 

1.2 36.70 161.57 102.12 59.45 0.36 0.21 0.29 

1 average 36.69 165.55 112.52 53.03 0.39 0.19 0.30 

2.1 36.69 130.87 78.31 52.56 0.27 0.18 0.23 

2.1 36.69 139.53 91.78 47.74 0.32 0.16 0.25 

2 average 36.69 135.20 85.05 50.15 0.30 0.17 0.24 

The achieved results - Table 1, confirm that the heat treatment influences the friction coefficient of zinc coating. 

Both values µb and µth are lower after the heat treatment in 430 oC than after heat treatment in 300 oC.  

So, it gives the total friction coefficient correspondingly at the level: µtot = 0.30 (300 oC) and µtot = 0.24 (430 oC). 

This changes tendency can follow from coating hardness increase as well as from surface quality changes 

(smoothness, degree of surface development, etc.). Nevertheless, the measured values of friction coefficient 

are similar to results achieved using the traditional method - pin on disk - Table 2, where measurements were 

being conducted on the head of zinc galvanized screws [11].  

Table 2 Friction coefficient measured by authors using pin-on-disk method [11] 

Kind of process 
Layer thickness (µm) Friction coefficient, µ 

steel cast iron steel cast iron 

1 Galvanic 18.9 20.2 0.201 0.212 

2 Hot-dip 87.8 82.1 0.223 0.285 

3 Lamellar 10.5 9.8 0.122 0.131 

It is necessary to emphasize the fact that the zinc coating thickness deposited in the thread area is much lower 

than this one put on the bolts head. Considering coating properties diversification (head, thread) to proper bolt 

properties evaluation very useful is two tests application - standard pin-on-disk tribometer that enables also 

wear mechanism analysis and Schatz Analyse system that allows bolts characterize under realistic conditions.   
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4. CONCLUSIONS 

The conducted examinations enabled to express the following conclusions:   

1) The conducted heat treatment (300 - 430 oC, t = 11 min), beside influence on the structure and properties 

of hot-dip zinc coating also exerts the impact on structure and properties of bolt’s material. So, 

considering the proper heat treatment parameters (time and temperature) also the change of steel 

structure should be taken into consideration.  

2) The observed zinc coating structure changes correspond well with measured micro-hardness 

distribution at the coating and subsurface steel layer cross section. It is clear that as a result of heat 

treatment the outside coating hardness essentially increases from 58 (sample 0) to 250 (sample 1) and 

285 HV 0.02 (sample 2). Whereas hardness of subsurface steel layer slightly decrease from 320 to 300 

and 290 HV 0.02. 

3) Using the Schatz Analyse system it is quite easy to evaluate the heat treatment influences on the friction 

coefficient of zinc coating. Both values µb and µth are lower after the heat treatment in 430 oC than after 

heat treatment in 300 oC. This parameter value knowledge is especially important during automatic 

assembly.  

4) To proper bolt properties evaluation very useful is two tests application - standard pin-on-disk tribometer 

that enables also wear mechanism analysis and Schatz Analyse system that allows bolts technical 

description characterize under realistic conditions.   
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Abstract 

Nowadays, the porous coatings enriched in determined chemical elements on CP Titanium Grade 2 may be 

obtained by Plasma Electrolytic Oxidation (PEO), the process also known as Micro Arc Oxidation (MAO). It 

should be pointed out that DC, AC, or pulse voltage may be used to create these coatings; however, their 

structures, chemical composition and mechanical properties are always different than the substructure 

(matrix). It should be also noted that they may be used in a wide range of applications, such as biomaterials, 

catalysts, sensors as well as wear resistant coatings. In this paper, the fabrication and characterization of PEO 

coatings obtained on CP Titanium Grade 2, which are porous and enriched in biologically active chemical 

elements, are presented.  

Keywords: Plasma electrolytic oxidation, porous coatings, DC PEO, CP Titanium Grade 2 

1. INTRODUCTION 

Plasma electrolytic oxidation process mechanism and coatings properties are well described in literature [1,2], 

however rather shortly covering light metals including titanium [3], aluminum [4], tantalum [5], zirconium [6], 

niobium [7] and their alloys [8,9]; they may be processed by PEO technique and because of the beneficial 

weight-to-strength ratio, corrosion and wear resistance [10,11], are preferably used in a wide range of 

applications including biomaterials [12], marine engineering [13], and aerospace [14]. Moreover titanium 

dioxide (TiO2) is a chemical substance with multiple applications including pigment, cosmetics, sensors, 

photocatalysis, nanomaterials because of its unique physicochemical properties [15,16]. It is well established 

in literature, that during PEO process on titanium it is possible to obtain coatings, with well-developed porous 

structure composed of titanium oxides enriched with particular chemical elements, appropriate to specific 

application [17]. Rudnev et al. reported catalytic activity of nickel and copper enriched PEO coatings created 

on titanium with use of alkaline electrolyte based on phosphates, borates, tungstates and silicates (Na3PO4, 

Na2B4O7, Na2WO4, Na2SiO3, NaOH) in reaction of CO oxidation to CO2 at temperatures exceeding 300-400 °C 

[18]. A. Kazek-Kęsik et al. reported coatings obtained on β-phase titanium alloy Ti-15Mo enriched in Ca and 

P, or Ca and Si, or Si as cytocompatible in tests using MG-63 osteoblast-like cells with improved corrosion 

properties in solution simulating body fluids [19]. M. Shokouhfar and S.R. Allahkaram reported that 

incorporation of specific nanoparticles may improve the coatings hardness and reduce the surface roughness, 

friction coefficients and wear resistance [20]. While water based electrolytes during plasma electrolytic 

oxidation on titanium and it’s alloys are dominant in available literature, coatings produced in electrolytes based 

on concentrated 85% phosphoric acid enriched in biologically active elements - calcium [21,22], magnesium 

[22], zinc [23,24] , and copper [25] - were described in our previous papers. 
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The purpose of this study is to investigate morphological properties and chemical composition of titanium 

coatings enriched during plasma electrolytic oxidation process simultaneously in calcium, magnesium and 

copper obtained in DC PEO process at the voltages of 500, 575 and 650 V for further applications as 

biomaterials, sensors or catalysts. Moreover different voltages allow to formulate conclusions of the impact in 

chemical nature of these three ions (Ca2+, Mg2+ and Cu2+) in coating creation and composition. 

2. METHOD 

CP Titanium Grade 2 samples with dimensions 10 mm × 10 mm × 2 mm were treated by Plasma Electrolytic 

Process (PEO) for 3 minutes with use of DC power supply PWR 1600H (KIKUSUI Electronics Corporation 

International, Yokohama, Kanagawa, Japan) with voltage and current ranges of 0-650 V and 0-8 A, 

respectively. As electrolyte mixture of three salts calcium nitrate tetrahydrate Ca(NO3)2·4H2O, magnesium 

nitrate hexahydrate Mg(NO3)2·6H2O, and copper nitrate hexahydrate Cu(NO3)2·3H2O in mass proportion 1:1:1 

in summary concentration of 500 g per 1 L of 85% phosphoric acid H3PO4 were used. AISI 316L stainless steel 

was used as cathode and glass vessel as electrolytic bath. For each PEO process 500 mL of electrolyte was 

used. A scanning electron microscope Quanta 250 FEI with Low Vacuum and ESEM mode and a field emission 

cathode as well as an energy dispersive EDS system in a Noran System Six with nitrogen-free silicon drift 

detector were used. X-ray photoelectron spectroscopy (XPS) measurements on studied sample surfaces were 

performed by means of SCIENCE SES 2002 instrument (SCIENTA AB, ScientaOmicron, Uppsala, Sweden) 

using a monochromatic (Gammadata-Scienta) Al K(alpha) (hν = 1486.6 eV) X-ray source (18.7 mA, 13.02 kV). 

Scan analyses were carried out with an analysis area of 1 mm × 3 mm and a pass energy of 500 eV with the 

energy step 0.2 eV and step time 200 ms. SEM, EDS and XPS methodology was described in details in 

previous paper [23]. 

3. RESULTS AND DISCUSSION 

SEM images of samples obtained at voltage of 500 V were presented in Figure 1 with magnifications of 500× 

(a), 2500× (b). Obtained SEM images prove that well developed, porous surfaces were obtained. Based on 

EDS results for sample obtained at 500 V, representative values of atomic concentrations for phosphorous 

(P), calcium (Ca), magnesium (Mg), copper (Cu) and titanium (Ti) equal to 50.15 ± 0.37, 3.09 ± 0.37, 2.87 ± 

0.37, 1.86 ± 0.19, 42.03 ± 0.22 in at.% respectively. While peaks of P, Ca, Mg, Cu come from created porous 

coating, the Ti signal may origin from both coating and titanium matrix, what is because of X-ray nature. 

Regarding this phenomena, as a reliable parameter of coating properties, the metal-to-phosphorus ratio (M/P), 

i.e. calcium-to-phosphorus (Ca/P), magnesium-to-phosphorus (Mg/P) and copper-to-phosphorus (Cu/P) were 

calculated and equal to 0.062, 0.057, 0.037, respectively for currently described sample. 

 

Figure 1 SEM images in magnifications of 500× (a), 2500× (b) of samples obtained on titanium at 500 V 
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SEM images of samples obtained at voltage of 575 V in Figure 2 with magnifications of 500× (a), and 2500× (b) 

are presented. Obtained SEM micrographs prove the presence of well developed porous surfaces. Based on 

EDS results for the sample obtained at 575 V, representative values of atomic concentrations for oxygen (O), 

phosphorous (P), calcium (Ca), magnesium (Mg), copper (Cu) and titanium (Ti) equals to 51.39 ± 0.38, 3.41 ± 

0.08, 3.11 ± 0.11, 2.33 ± 0.23, 39.76 ± 0.26 in at.% respectively. Peaks of P, Ca, Mg, Cu come from created 

porous coating, whereas titanium signal may come from both coating and titanium matrix. Because of this 

phenomena, as a reliable parameter of coating properties, the metal-to-phosphorus ratio (M/P), i.e. calcium-

to-phosphorus (Ca/P), magnesium-to-phosphorus (Mg/P) and copper-to-phosphorus (Cu/P) were calculated 

and equal to 0.066, 0.061, 0.045 respectively for currently described sample. All the M/P ratios are higher than 

those calculated for the sample obtained at 500 V. 

 

Figure 2 SEM images in magnifications of 500× (a), 2500× (b) of samples obtained on titanium at 575 V  

SEM micrographs of samples obtained at voltage of 650 V were presented in Figure 3 with magnifications of 

500× (a), 2500× (b). Obtained SEM images prove that well developed, porous surfaces were obtained. EDS 

results for sample obtained at 650 V, as representative values of atomic concentrations for phosphorous (P), 

calcium (Ca), magnesium (Mg), copper (Cu) and titanium (Ti) equals to 50.23 ± 0.39, 3.64 ± 0.08, 3.21 ± 0.12, 

2.87 ± 0.27, 40.05 ± 0.27 in at.% respectively. Peaks of P, O, Ca, Mg, Cu come from created porous coating, 

while titanium signal most probably comes from both coating and titanium matrix. Because of this phenomena, 

as reliable parameter of coating properties the metal-to- phosphorus ratio (M/P), i.e. calcium-to-phosphorus 

(Ca/P), magnesium-to-phosphorus (Mg/P) and copper-to- phosphorus (Cu/P) were calculated and equal to 

0.072, 0.064, and 0.057, respectively for currently described sample. The M/P ratios are higher than those 

calculated for sample obtained at 500 and 575 V. 

 

Figure 3 SEM images in magnifications of 500× (a), 2500× (b) of samples obtained on titanium at 650 V  

Results of EDS investigations for samples obtained at the voltages of 500, 575 and 650 V, as Ca/P, Mg/P and 
Cu/P are summarized in Figure 4. It can be clearly observed that with increasing voltage, the M/P ratios rise. 
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Considering the extreme investigating voltages, i.e. 500 V and 650 V, the slopes calculated as M/P ratio 

change per 100 V for Ca/P, Mg/P and Cu/P are as follows: 0.0072/100V; 0.0045/100V and 0.0133/100V. 

Based on the calculation it can be concluded that Cu/P ratio is one the most sensitive parameter of described 

for voltage change, and the Mg/P ratio - the least sensitive one. Higher energy delivered to the plasma 

oxidation process, understood here as higher voltage, results in higher metal-to-phosphorus ratios, that agrees 

with the previous papers describing PEO coatings obtained in similar conditions with the use of electrolytes 

enriched in one kind of salt [22,23]. However, the differences in calcium-, magnesium- and zinc- to-phosphorus 

ratios characteristics probably originate from both, differences in chemical nature of these elements and 

mechanisms of plasma electrolytic oxidation process during formation of these coatings.  

 

Figure 4 EDS results presented as Ca/P, Mg/P and Cu/P ratios of samples obtained on titanium at three 

voltages of 500, 575 and 650 V 

In Figure 5 XPS spectra of sample obtained at voltage of 575 V was presented. Based on the obtained specta 

in top ca. 10 nm of coating, it is composed of titanium as Ti4+ (Ti 2p, 460.0 eV), calcium as Ca2+ (Ca 2p 347.1 

eV), magnesium as Mg2+ (Mg 2s, 89.0 eV, Mg KLL 306.1 eV), copper as Cu+ or Cu2+ (Cu 2p3/3 932.8eV), 
phosphates as PO43-, or HPO42-, or H2PO4-, or P2O74- (P 2p 133.7 eV). 

 
Figure 5 XPS spectra of sample obtained on titanium at voltage of 575 V 
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In summary, the composition of top 10 nm layer include anions of phosphates and kations of titanium, calcium, 

magnesium, copper in possible forms of salts and oxides, most likely including titanium oxides. 

4. CONCLUSIONS: 

• During DC PEO process performed for 3 minutes at voltages of 500, 575 and 650 V with the use of DC 

power supply PWR 1600H in the electrolyte mixture of three salts Ca(NO3)2·4H2O, Mg(NO3)2·6H2O and 

Cu(NO3)2·3H2O in mass proportion 1:1:1 in summary concentration of 500 g per 1 L of 85% H3PO4 

porous coatings on CP Titanium Grade 2 for possible applications as biomaterials, catalysts, sensors 

were created. 

• Based on EDS studies, the coatings - beside oxygen and phosphorus - were enriched with calcium, 

magnesium and copper. 

• Positive correlation between the applied voltage ranging in 500-650 V, and Ca/P, Mg/P, Cu/P ratios was 
observed. 

• Differences in calcium-, magnesium-, and zinc-to-phosphorus ratios to voltage characteristics probably 

originate from both, differences in chemical nature of these elements and mechanisms of plasma 

electrolytic oxidation process during formation of these coatings. 

• Based on XPS studies, 10 nm top composition of the coating may be described as phosphate-based 
with the additions of ions of titanium, calcium, magnesium and copper. 
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Abstract 

The aim of this paper is to examine the effect of the oxide layer thickness on the absorption of IR radiation in 

the inert gas atmosphere. The oxide layers are created by the controlled heating method, while the different 

thickness of layers is achieved by changing the heat input. The tests were performed on steel EN 10083-2: 

C45. The absorption was measured in UV - NIR spectral region. The samples were afterward processed by 

HPDD laser. Firstly, the hardening was carried out in the air but the second experiment was performed with 

using of shielding gas fed to the interaction area. The thickness and hardness of laser hardened layer were 

considered. The chemical composition of an oxide layer on the surface of the sample was inspected by grazing-

incidence x-ray diffraction. The difference between hardening with use of shielding gas and hardening in the 

air was assessed. 

Keywords: Laser hardening, an oxide layer, shielding gas, absorption, laser 

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. There are three sets of 

optical properties (three different wavelengths) for the Kirchhoff’s law [1], 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 

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 
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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, 

especially for precise heat treatment [9]. 

The aim of the paper is the description of the behavior of different oxide layers created by the method of 

controlled heating [10]. The influence of the thickness of the oxide layer on the absorption of laser radiation 

during the heat treatment process is investigated [10]. The effect of the use of the shielding gas during the 

laser surface hardening process on the rate of laser radiation absorption is assessed. 

2. EXPERIMENTAL PROCEDURE 

Tests were performed on a rectangular block from rolled steel EN 10083-2: C45 of 200x100x20 mm3. Oxide 

layers were created by marking laser SPI-G3-SP-20P with MOPA arrangement by the method of controlled 

heating. Parameters were chosen based on previous experiments. 7 oxide layers of different thickness were 
formed on the sample surface (Figure 1). After that the surface layer of the sample was modified by controlled 

oxidation procedure, the sample was subjected to a laser hardening. Samples, prepared according to  
Figure 1, were processed by the wide laser beam. Three separated hardened tracks were created on each 

sample. The tracks were put perpendicularly to oxide pattern direction. 

 
Figure 1 Sample with 7 different oxide layers, created by different fluence parameter, laser tracks are 

marked in red, the dimensions are in mm 

Two laser quenching procedures were performed that differed in using shielding gas. In the first case, the laser 

quenching process took place in the air. During the second treatment, a nozzle was used which feeds the 

shielding gas argon directly to the interaction area of the laser beam with the surface of the treated material. 

The argon as shielding gas prevents the surface oxidation of the processed material. 

The thickness of the oxide layer was measured by scanning electron microscope Analytical SEM Hitachi SU-

70 [10]. 
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The surface temperature was measured during both of these processes. The measurement was made by the 
thermal camera. The thermal camera measures on 1 um wavelength, so that it is not very sensitive to selected 
emissivity value. 

The chemical composition of an oxide layer on the surface of the sample was inspected by grazing-incidence 
x-ray diffraction. The composition was measured for basic material and for one selected modified surface 
(fluence - 50 J/mm2). 

3. RESULTS AND DISCUSSION 

Temperature measurement was performed during the heat treatment process. The comparison of the 
temperatures measured during hardening process performed in air versus process using argon as shielding 
gas is visualized in Figure 2. The difference between the absorption of the modified surface and the basic 
material is higher for the process with shielding gas. The temperature difference between basic material and 
modified surface during hardening in the air is around 150°C but the difference during processing using the 
shielding gas is around 600°C. The temperature measured for basic material during processing with shielding 
gas depicted in Figure 2 is around 800°C, but that is not measured temperature because the measuring range 
of the thermal camera was selected from 800°C to 1700°C. The temperature of basic material during the laser 
hardening process is significantly lower. 

The difference in depth of hardened layer between processing in air and treatment with shielding gas is shown 
in Table 1. Table 1 shows that the depth of hardened layer for modified areas differs very slightly depending 
on the amount of oxygen presented in the interaction zone during the process, but this effect can be very 
serious for basic material. 

The changes in chemical composition of the surface oxide layer are demonstrated in Figures 3 and 4. The 
amount of oxygen-rich oxides rises during processing in the air, but it declines for processing with shielding 
gas, where the amount of FeO increases. 

Table 1 Depth of hardened layer for processing in air (DoHLair) and treatment with Argon as shielding  

  gas (DoHLAr) 

Fluence [J/mm2] 0.0 0.3 1.5 2.5 6.0 15.0 30.0 50.0 

DoHLair [μm] 300 300 385 400 385 400 420 450 

DoHLAr [μm] 0 0 260 320 260 350 400 420 

 

Figure 2 Graphical representation of temperature measured during laser hardening process  

in the air (red line) and with argon shielding (blue line) 
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Figure 3 The chemical composition of oxide layer depending on the type of processing - for basic  

material 

 

Figure 4 The chemical composition of oxide layer depending on the type of processing - for modified surface 

4. CONCLUSION 

The paper deals with the effect of oxide layer created on the surface of the material by the method of controlled 

heating on the surface absorptivity of the modified material. The influence of using the shielding gas during the 

process is discussed. 

The result is that the effect of the oxide layer is significantly higher for laser hardening process using argon as 

a shielding gas. All analyzes show that the use of argon as a shielding gas increases the difference between 

the amount of energy absorbed by the base material and its modified surface. It is possible to precisely select 

the areas to be hardened against the regions where the heat-unaffected material should be preserved, even 

if the whole surface is processed by the laser beam with the same parameters. 

The paper also concerns with the change in the composition of the oxide layer on the surface in dependence 

on the use of shielding gas. 
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Abstract 

The paper is devoted by simulation of conditions of sun radiation in correlation with real loading in operational 

conditions of selected polymeric materials. In the second the paper is devoted by simulation of temperature 

conditions of loading again in correlation with temperature loading in real operational conditions of selected 

polymeric materials. There are tested sensitivity of selected analytic methods in connection on running 

processes of ageing of polymeric materials for evaluation of initial of radiation ageing and temperature ageing 

with possibilities of prediction of evolution of running changing of properties and behaviour of evaluated 

materials. There are tested method x-ray fluorescence analysis and parameters of this method are optimized 

for increasing sensitivity for evaluation initial changing of properties and behaviour of tested materials on the 

base the first results. Indentation methods are used for analysis of changing of mechanical properties and 

behaviour namely static nanoindentation and scratch nanoindentation. These methods are optimized on the 

base the first results too. There are used more possibilities for control of indentation tests by the use different 

modes of measurements namely simple and cyclic measurement, setting different rate of loading and using 

different type of indentors for realization of measurements.           

Keywords: Nanoindentation, scratch indentation, radiation ageing, temperature ageing, x-ray  

        fluorescence   

1. INTRODUCTION 

The thin films are created by deposition process as controled process of its creation by deposition parameters. 

The thin films are created by modification process, too, with controled the parameters of these technology 

processes. The thin films are created as single, multilayers, gradient and so on. The degradation processes 

create thin films, too, on surface or as modification to the depth of material systems from surface. This kind of 

thin film - substrate systems are multilayer systems or gradient systems. The control of process of degradation 

[1] is possible by sensitive analytical methods as nanoindentation with different maximal load of indentation 

and different modes of measurement. Different analytical methods were optimized during solution goals 

correlation between deposition parameters and properties and behaviour of systems thin film - substrate [2] 

and solution of goals to optimize analytical methods for possibility evaluation of systems thin film - substrate 

with very different resistivity, hardness, thickness, substrate [3] and so on. These experiences are used for 

optimisation analytical methods for evaluation of surfaces after radiation degradation process by sun radiation 

and temperature degradation processes.      

2. X-RAY FLUORESCENT METHOD 

Surface sensitive method for evaluation of changing chemical properties is x-ray fluorescent method. This 

method gives the possibility to evaluate chemical composition from relatively small and relatively large depth 

for evaluation properties and behaviour in degraded surface layers by temperature ageing processes and by 

radiation ageing processes with radiation simulated sun radiation. There is very important at the first to analyse 

starting point of chemical composition before ageing process. The polymer materials are namely amorphous 
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and x-ray fluorescent spectrums are very complicated but for evaluation changing in composition it is sufficient, 

because we need on the basic to analys of changing of composition and not real composition. At the second 

here are possibilities to analyses changing of thickness of polymeric samples, because x-ray goes through the 

samples and analys composition of holder, too, under samples of polymer. From this point of view we changed 

the material composition under polymer samples and we evaluted the changing of spectrums after ageing 

processes as changing of transmitance through samples. 

3. AGEING PROCESS OF TEMPERATURE DEGRADATION OF POLYMER MATERIALS 

The samples of polymer materials were exposed to action higher temperature environment in chamber. There 

was realised experiments with temperature heating in long time by step by step stress and realisation 

temperature ageing to the 1000 and 2000 hours and heating was realise to the temperature 60 st. C. The 

measurement was realised on 2 different type of samples new and after real ageing process and after rfeal 

condition of operation.  

4. AGEING PROCESS OF SUN RADIATION SIMULATED BY XE RADIATION IN CHAMBER 

The samples of polymer materials were exposed to action sun radiation in sun radiation simulated chamber 

with three Xe lamps. The radiation was setting on 60 W/m2. In the chamber temperature was setting on 55 st. 

C and humidity on 50 %. The radiation was acted in the long time on surfaces of samples and realisation of 

radiation ageing process was to the 1000 and 2000 hours.   

5. ANALYSIS POLYMER MATERIALS AFTER AGEING PROCESS BY X-RAY FLUORESCENT  

The changing of chemical composition after ageing was tryed to evaluate by x-ray fluorescent method. Here 

are three possibilities - analyse chemical composition after calibration for analysis chemical composition, 

analyse thickness of thin films on surface of basic material and analyse x-ray fluorescent spectrum. Evaluation 

after calibration for analysis of chemical composition is not possible to use, because we do not have standards 

for this analysis. Evaluation after calibration on analysis of thickness of thin films created by degradation 

process is not possible to use, too, because there is not contrast in chemical composition of degraded surface 

layers and basic state of substrate. The analysis of changing of x -ray fluorescent spectrum gives acceptable 

possibility to evaluate changing after ageing process. The standard measurement give spectrum with high 

noise. There was realised changing of 

measured parameters and setting of equipment 

for decreasing noise and get more precise 
spectrums. Figure 1 show x-ray fluorescent 

spectrums before and after 1000 and 2000 

hours sun radiation. There is possible to view 

changing in polymer material after sun radiation 
after decrease noise. Figure 2 show spectrums 

after 1000 hours sun radiation and 1000 hours 

temperature heating on 60 st. C. This is 

measured on sample from standard of Cu. Here 

is possible to view differences after action sun 

and after action temperature, too. Better 

resolution for possibility evaluate changing is on 
Figure 3 and Figure 4, where are spectrums 

measured on sample from standard of Ni.  

Figure 1 X-ray fluorescent spectrums before and after 

1000 and 2000 hours sun radiation 
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Figure 2 X-ray fluorescent spectrums before and after 1000 sun radiation and 1000 hours temeprature 

heating - measurement on standard sample from Cu 

 

Figure 3 X-ray fluorescent spectrums before and after 1000 sun radiation and 1000 hours temeprature 

heating - measurement on standard sample from Ni 

 
Figure 4 X-ray fluorescent spectrums before and after 1000 sun radiation and 1000 and 2000 hours sun 

radiation - measurement on standard sample from Ni 
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6. ANALYSIS POLYMER MATERIALS AFTER AGEING PROCESS BY INDENTATION 

Indentation by Rockwell indentor with radius 0.01 mm 

The indentation was realised by indentor Rockwell with radius 0.01 mm and maximal of load 100 mN. There 

was measured indetation curves during loading and in the next step was realised measurement during 

unloading. The measurement realised from both sides of polymer samples show differences from both sides 

and differences after action sun radiation, too. The sun radiation acted hardening of surfaces on both sides. 

The elasticity after sun radiation decrease on both sides too.  

 
Figure 5 Indentation curves measured during loading and unloading with maximal load 100 mN 

By influence sun radiation increase surface hardness on the both sides and there is changed rate of plastic 
and elastic deformation (Figure 5). With increasing action of sun decrease of elasticity of surface on both sides 

of polymer samples.  

 
Figure 6 Indentation curves after action of temperature 

Figure 6 show influence of long term acted of temperature on changing mechanical properties and behaviour 

of surfaces on both parts of samples from polymer material. There is possible to view what surface hardness 

on one side which was in started point with higher hardness decrease but hardness on side, where was 
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hardness lower, hardness increase. Probably the surface tretment of one side of polymer sample lost its 

propreties during long time acted temperature.   

Scratch indentation on nanoscratch tester  

Scratch indentation was realised with indentor Rockwell with diameter 0.01 mm and maximal normal force  

100 mN. The rate of scratches was 1 mm per minutes. Depth of indentation was measured during scratch 

measurement and friction force was measured inf dependence on acted normal force during all measurement. 

The measurement was realised on both sides of polymer samples after sun radiation and after temperatue 

heating which introduces in above mentioned.  

 
Figure 7 Dependence depth of indentation on acted normal force during scratch measurement on both sides 

of polymer samples before and after different time of action of sun radiation 

The reauslt show what with increasing of time of action of sun radiation decrease depth of indentaion on both 

sides of polymer sample. The higher differences are measured on side which was before measurement treated 

to the influnce of sun. After both time steps of radiation influence increase hardness of surfaces on both sides 

of polymer sample. There was changed rate of elastic and plastic deformation, too. This is analysed from rate 

of depth during scratch measured and measured after scratc test.   

 
Figure 8 Dependence of friction force on acted normal force measured during scratch measurement 

The friction force not changed on the side with treatment after sun radiation 1000 and 2000 hours, too. On the 

side without treatment surface friction force increase after sun radiation. This show what increase brittle 

properties of surface of polymer material.  
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Figure 9 Morphology of failures aroung and in the scratches during indentation created 

Figure 9 show the morphology of failures after realised scratch measurement after 1000 and 2000 hours of 

action sun radiation on side with treatment surface. The results show what at the start the surface is hardened 

by surface treatment. There was increased failuring after 1000 hours sun radiation becasuse the surface 

treatment layers lost their properties. In the other step of loading of sun radiation the surface layer is changed 

by radiation and lost brittle failure.  

 

Figure 10 Morphology of failures aroung and in the scratches during indentation created 

The morphology of failures around and in the scratches after scratch indentation with increased normal force 

during measurement show what brittle failure was changed after temperature acted in the long term. In the 

next step o temperature heating increase depth of indentation during scratch test and in the scratches increase 

and show, what chacter of failure in the scratches in the end of scratch identation in large force chaged to 

brittle failure.  

Cyclic indentation measurement 

In the next step there was realised cyclic indentation measurement. Number of cycles was 20 and maximal 
load was 1000 mN. The measurement was with using Berkovich indentor. The measurement was realised 

before and after sun radiation on sample of polymer material. There is possible to view what after 1000 and 

2000 hours sun radiation increase surface hardness, but after cyclic indentation the final depth was on samle 

after 2000 hours sun radiation, becasuse increace brittle failuring of surface with increasing nimber of cycles.   

 
Figure 11 Cyclic indentation curves on samples before and after 1000 and 2000 hours sun radiation 
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7. CONCLUSION 

There was tested and optimized the possibilities of using analytic method for surface analysis for application 

on evaluation of surfaces of polymer material after different ageing proces. In the second there was tested 

sensitivity for evaluation of initiation of changing of properties after degradation process. The results show 

what sensitivity of x-ray fluorescent method was increased for possibilities to evaluate small changing in 

properties after ageing process temperature, which was realized in temperature chamber Elastocon 1000 and 

2000 hours, and sun radiation ageing process, which was realised in chamber with simulation sun radiation 

Q-Sun 1000 and 2000 hours. In the third there was tested sensitivity of nanoindentation method static and 

scratch indentation method and its increasing by optimization of parameters of measurement and preparing 

new method for evaluation polymer materials after different ageing processes.    
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Abstract 

The adhesion strength of a plasma-sprayed Al2O3 coating with a steel surface was investigated. Various 

cooling options for this surface were used. It was found that the best result is achieved with active water supply 

to the spraying zone. The boundaries of the Al2O3 coating and the deposited surface were studied by scanning 

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). No evidence of chemical 

interaction between the Al2O3 coating and the sprayed surface was found. At the same time, quantitative X-

ray phase analysis showed that when the water is supplied to the sputtering zone, the phase composition of 

the Al2O3 coating significantly changes. The amount of α-Al2O3 and δ-Al2O3 decreases ~ 5-fold, and the amount 

of γ-Al2O3 increases more than 1.5-fold. Given the differences in the physicochemical properties of Al2O3 

modifications, this is probably the main reason for the increase in adhesion strength of the Al2O3 coating with 

a sprayed surface. The technical solutions found were used to form a sublayer of γ-Al2O3, onto which the Al2O3 

coating was applied already without water supply to the sputtering zone. The obtained coating had a hardness 

HV = 821 kgf / mm2. The material of the underlayer and the coating material in the contact zone were a single 

whole. 

Keywords: Plasma spraying, Al2O3 coating, adhesion strength, phase composition, structural modifications 

1. INTRODUCTION 

Al2O3 coatings are widely used in technology to increase the wear resistance of parts surfaces. The main way 

of applying such coatings is plasma spraying. At the same time, there is a problem of adhesion strength of 

Al2O3 coating to the material of the sprayed surface. Usually this problem is solved by applying a sublayer of 

expensive nickel or cobalt-based materials to the sprayed surface. This significantly complicates and increases 

the cost of technology for creating wear-resistant Al2O3 coatings [1,2]. 

The purpose of this work is to simplify and reduce the cost of the technology for creating Al2O3 coatings without 

significantly reducing their adhesion strength to the sprayed surface.  

2. MATERIALS AND METHODS 

For powder coating, α-Al2O3 powder grade 25A with an average grain size of 32 μm was used. The plasma 

deposition unit UPN-350 (Russia) was used. The design of the plasma torch realized a circuit with a rotating 

anode [1,3]. Plasma-forming gas was compressed air. The surface material for the sputtering was steel grade 

St.20 (analogue of Gr. A steel with carbon content 0.2 wt. %). The surface to be sprayed was previously 
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sandblasted. The deposition process consisted in passing high-velocity particles α-Al2O3 through a plasma 

stream and applying these particles to a stationary steel sprayed surface. The sputtering modes were the same 

in all cases: the arc current of the plasma torch is 125-130 A; the voltage is 200-210 V; the pressure of the 

plasma-forming gas (air) is 0.5 MPa; distance of spraying - 200 mm; the speed of movement of the plasma 

torch relative to the sprayed surface is 20 mm / s. Four different technological variants of plasma spraying 

were investigated: 1) the sprayed surface was preheated to a temperature of 350 °C; 2) the sprayed surface 

has room temperature before the beginning of the deposition; 3) the sprayed surface according to the variant 

(2), but during the spraying it is cooled by air; 4) the sprayed surface according to the variant (2), but during 

the spraying it is cooled by water. The peculiarity of the technology was that in the implementation of variants 

(3) and (4) compressed air and water were supplied directly to the spraying zone. 

To assess the adhesion strength of the coating to the sprayed surface, the "torn off pin" method was used 
[4.5]. The scheme of the method is shown in Figure 1. 

 

Figure 1 Scheme of the test method for adhesion strength of a coating with a sprayed surface:  

1 - pin; 2 - a washer; 3 - ceramic coating 

Using a WDW-100E tensile test machine, a steel cone pin 1, dusted to the surface of the washer 2, was torn 

off from ceramic coating 3. At the same time, the tearing force was fixed. The value of adhesive strength was 

determined through the ratio of the detachment force to the area of detachment of the destroyed coating. For 

each variant of the deposition, the experiment was repeated 3 times. The results were determined as the 

arithmetic mean. 

The boundaries of the Al2O3 coating and the sprayed surface were investigated by scanning electron 

microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) using a Tescan Vega 3 SBH (Czech 

Republic) microscope with EDS system Oxford (USA). 

The phase composition of Al2O3 coatings was determined by quantitative X-ray diffraction analysis using a D8 

Advance X-ray diffractometer from Bruker AXS (Germany). The volume fractions of the phases were 

determined by the method of autonomous pulse counting using a special data processing program. Studies 

were carried out in the radiation of CoKα. 

3. RESULTS AND DISCUSSION 

For each technological variant of sputtering, the adhesion strength of Al2O3 coatings with a sprayed surface 
was determined by the above procedure. The results are shown in Table 1. 
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Table 1 The results of determining the adhesion strength of Al2O3-coatings at different technological spraying 

   options 

No. Technological regimes of plasma spraying of a coating of aluminum oxide. 
Strength of adhesion, 

σ, MPa 

1 The sprayed surface is preheated to a temperature of 350 оС 29.26 

2 
The surface to be sprayed before the beginning of deposition has a room 

temperature 
27.35 

3 
The sprayed surface according to the variant (2), but during the spraying it is 

cooled by air 
31.05 

4 
The sprayed surface according to the variant (2), but during the spraying it is 

cooled by water 
63.12 

It can be seen from Table 1 that the best value of adhesive strength is achieved when implementing variant 

(4) ie. with an active supply of water to the spraying zone. To determine the reasons leading to such results, 

the interfaces of Al2O3 coatings with the material of the sprayed surface were investigated. SEM and EDS 

methods were used. Studies have shown that there are no signs of chemical interaction between the coating 
material and the material of the sprayed surface using these methods. Figures 2 and 3 show the results of 

these studies. 

      

Figure 2 SEM micrographs of the interface of Al2O3 coatings with the material of the sprayed surface:  

(a) - spraying according to option 2; (b) - spraying according to the variant 4 

It can be seen from the figures that there are no new chemical compounds on the boundary of Al2O3 coatings 

with a deposited surface. At the same time, it was established by quantitative X-ray phase analysis that when 

the water is fed into the sputtering zone, the phase composition of the Al2O3 coating significantly changes. 

Thus, in the implementation of variants (1), (2) and (3), the coating consists of the following set of modifications 

of Al2O3: 10-13% α-Al2O3, 25-31% δ-Al2O3, 59-62% γ-Al2O3 (wt. %). When implementing variant (4), the coating 

contains ~ 2.1% α-Al2O3, 4.5% δ-Al2O3 and 93.4% γ-Al2O3 (wt. %). As can be seen, the amount of α-Al2O3 and 

δ-Al2O3 decreases ~ 5-fold, and the amount of γ-Al2O3 increases by more than 1.5 times. Such a sharp shift in 

the phase composition of the Al2O3 coating toward increasing the amount of γ-Al2O3 modification and 
decreasing the amounts of α-Al2O3 and δ-Al2O3 modifications confirms the data presented in ref. [6] on the 
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stabilizing action of water on γ-Al2O3 in plasma deposition. The high chemical activity of the modification of  

γ-Al2O3 was also noted in [6,7]. 

      

Figure 3 Results of EDS analysis of the interface of Al2O3-coatings with the material of the sprayed surface: 

(a) - spraying according to option 2; (b) - spraying according to the variant 4 

It is known that the γ-Al2O3 modification formed in the presence of water can have the formula Al2O3 x 3H2O 

or Al2O3 x H2O. It is also known that water falling into the zone of plasma spraying dissociates to form active 

oxygen and hydrogen ions [6]. These ions interact with both the coating material and the material of the 

sputtered steel surface. As a result, FeO or Fe2O3 compounds are formed on the steel surface. In the process 

of plasma deposition, these compounds can interact with water-containing modifications of γ-Al2O3 to form 

spinels such as Al2O3 x FeO. These spinels are located on the boundary of the Al2O3 coating and the sprayed 

steel surface and can be the reason for the high adhesion strength of the Al2O3 coating obtained according to 

the variant (4). The processes at plasma deposition proceed at high speed and the time released for spinel 

formation is very small. Therefore, the formed spinel layer must be very thin and, apparently, is not detected 

by ESD and SEM methods used in the present work. 

The sputtering technology of variant (4) was used to form a sublayer of γ-Al2O3, onto which the Al2O3 coating 

was applied already without water supply to the sputtering zone. With an undercoat thickness of ~ 100 μm, the 

resulting coating had a thickness of ~ 400 μm and a hardness HV = 821 kgf / mm2. The material of the sublayer 

and the coating material in the contact zone were a single whole. 

4. CONCLUSION 

Adhesive strength of Al2O3-coating with steel sprayed surface significantly increases when water is supplied 

to the spraying zone. The most probable cause of this is the formation of a chemically active modification of γ-

Al2O3, capable of interacting with the material of the sprayed surface. The observed effects are well reproduced 
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and can be used to improve the current methods of applying Al2O3 coatings by plasma spraying. This makes 

it possible to simplify and reduce the cost of technology to create efficient Al2O3 coatings. 
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Abstract 

Lead bulls are often stored in an inappropriate environment with the presence of organic acids to which lead 

is sensitive. The aim of this work was to test compounds inhibiting the lead corrosion due to acetic acid 

vapours. Ideally those that will have better application and surface properties than the widely tested carboxylic 

acid salts. Benztriazole, cyclohexylamine, thiourea and sodium benzoate were used. The effect of individual 

inhibitors was tested by the resistometric method on the non-treated surface for 2 hours immersed in the 

inhibitor solution and on the surface coated with the carbonate-based corrosion products with an immersion 

time in inhibitor for 2 hours. Resistometric sensors with different surface treatment were exposed to 

atmosphere above acetic acid solution in concentration 0.001 mol⋅l-1. To evaluate the appearance and 

characteristics of the lead surface after treatment of the inhibitor, the samples prepared in the same way were 

used. It has been found that all of the used substances form a protective layer over the lead. The highest 

efficiency was achieved by cyclohexylamine. The smallest surface changes occurred in benztriazole.  

Keywords: Lead corrosion, inhibition, conservation 

1. INTRODUCTION 

Lead has been highly employed from ancient times to the present day (various artefacts of everyday life, 

statues, coins, organ pipes, stained glass) [1-4]. Due to its high corrosion resistance,many of these artefacts 

are stored in museums and archives [1-8]. Lead is susceptible to corrosion by the presence of volatile organic 

compounds (VOC) in the atmosphere [2, 3, 9-14]. This kind of polluted atmosphere is typical for museum and 

archive storage cabinets. Preservation of the lead displayed in atmosphere polluted with VOC is based on the 

use of protective coatings. Today’s hot topic is application of coatings with corrosion inhibitors [1, 3, 13-16]. In 

this paper, benztriazole, cyclohexylamine, thiourea and sodium benzoate, which are discussed in literature, 

will be examined. 

2. EXPERIMENTAL PART  

2.1. Chemicals 

Benztriazole, cyclohexylamine, thiourea and sodium benzoate were used as corrosion inhibitors. Benztriazole 

solution in concentration 0.03 mol⋅l-1 was prepared by dissolving the 1,2,3-benztriazole (0.89 g, 99 %, Penta, 

CZE) in 250 ml of ethanol. Cyclohexylamine solution in concentration 0.03 mol⋅l-1 was prepared by diluting the 

concentrated cyclohexylamine solution (7.5 ml, Sigma-Aldrich, USA) with distilled water. Thiourea solution in 

concentration 0.05 mol⋅l-1 was prepared by dissolving the thiourea (0.95 g, 99 %, Penta, CZE) in 250 ml of 

distilled water. Sodium benzoate solution in concentration 1.4 mol⋅l-1 was prepared by dissolving the sodium 

benzoate (50 g, 99.8 %, Chemapol, CZE) in 250 ml of distilled water. 
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Corrosive atmosphere for resistometric measurement was provided by acetic acid solution in 0.001 mol⋅l-1 

concentration. 

2.2. Lead resistometric sensors and lead samples surface treatment 

Lead resistometric sensors with 25 μm thickness lead foil (97 % Pb, 1.5 % Sn and 1.5 % Sb, Goodfellow 

Company, UK) were used in this work. Different treatment of sensor’s surface was applied: 

• the non-treated surface was obtained with grinding of the surface with abrasive wadding (3M Scotch-

Brite CF-MF), subsequent rinsing with ethanol and then air drying 

• the corroded surface was obtained by immersing the non-treated lead samples into 1 mol⋅l-1 Na2CO3 

solution for 24 hours, subsequent rinsing by distilled water, ethanol and air drying 

• the coated surface was obtained by immersing the non-treated or corroded lead samples into the one 

from different corrosion inhibitor’s solutions (benztriazole, cyclohexylamine, thiourea or sodium 

benzoate) for 2 hours, subsequent rinsing by distilled water, ethanol and then air drying. 

Lead samples (Pb 99.9 %) in dimensions 3x3x0.3 cm were used in this work. The lead sample’s surface had 

been grinded with SiC grinding paper up to grain size of P800 before the same surface treatment as for 

sensor’s surface was applied. 

2.3. Resistometric experiments 

The resistometric method is based on the electric resistance measurement. The corrosion rate (rcorr) can be 

calculated from the decrease of the sensor’s lead foil thickness (Δd) caused by corrosion with following 

equations (1) and (2) [17-18]: 

∆! � !f ∙ ³1 � W]
W�

∙ W�Ò
W]Ò

´           (1) 

Lc�II � ∆�
�             (2) 

where: 

d0 - initial thickness of the sensor’s lead foil (μm) 

RR - current electric resistance of the reference part of the sensor (MΩ) 

RS - current electric resistance of the sensing part of the sensor (MΩ) 

RR0 - initial electric resistance of the reference part of the sensor (MΩ) 

RSO - initial electric resistance of the sensing part of the sensor (MΩ) 

t - time (year) 

The resistometric measurements were performed in closed box with the volume of 10 litres in aerated 

conditions and at laboratory temperature. In the box there were lead resistometric sensors and lead samples 

with different surface treatment, ventilator and a beaker with 100 millilitres of acetic acid solution in 

concentration 0.001 mol⋅l-1. Resistometric sensors were connected to ACD-03 (MetriCorr, DK). The 

resistometric measurements were started 2 hours before different sensor’s surface treatment and finished after 

3 days of sensors exposition in atmosphere above acetic acid solution in concentration 0.001 mol⋅l-1. 

2.4. Coating characterization 

The lead samples with different surface treatment were used for the inhibitor coating characterization. Samples 

surface morphology was observed by scanning electron microscope (SEM) TESCAN VEGA 3. The 
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observation of the hydrophobic properties of the samples surface was carried out by the contact angles 

measurement by goniometer SEESystem (Advex Instruments, s.r.o.). 

3. RESULTS AND DISCUSSION 

Figure 1 and Figure 2 report of the long-time resistometric measurement of lead with different surface 

treatment (Figure 1 non-treated surface with or without inhibitor coating, Figure 2 corroded surface with or 

without inhibitor coating) in atmosphere above acetic acid solution in concentration 0.001 mol·l-1. The sensors 

without inhibitor coating began to corrode rapidly as soon as they get in contact with acetic acid atmosphere. 

The sensors with different inhibitor coating were very resistant to the acetic acid atmosphere. 

Table 1 and Table 2 show values of corrosion rate of the lead with different surface treatment during its 

immersion in corrosion inhibitor solution and 65 hours in atmosphere above acetic acid solution in 

concentration 0.001 mol⋅l-1. The increase of lead corrosion rate is observed during the immersion of lead in 

thiourea or sodium benzoate solution. 

 

Figure 1 Resistometric measurement of the lead with coated non-treated surface in atmosphere above   

acetic acid solution in concentration 0.001 mol⋅l-1, effect of inhibitor coatings is represented as corrosion 

thickness loss (Δd) in time 

Table 1 The values of corrosion rate (rcorr) of the lead with non-treated surface during different parts of 

  resistometric measurement expressed in μm per year 

rcorr (μm·year-1) 
without 
coating 

benztriazole cyclohexylamine thiourea 
sodium 

benzoate 

immersion in corrosion inhibitor 
solution 

- 8 -6 285 590 

65 hours in acetic acid atmosphere 194 1 0 3 4 
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Figure 2 Resistometric measurement of the lead with coated corroded surface in atmosphere above acetic 

acid solution in concentration 0.001 mol⋅l-1, effect of inhibitor coatings is represented as corrosion thickness 

loss (Δd) in time 

Table 2 The values of corrosion rate (rcorr) of the lead with corroded surface during different parts of 

  resistometric measurement expressed in μm per year 

rcorr (μm·year-1) 
without 
coating 

benztriazole cyclohexylamine thiourea 
sodium 

benzoate 

immersion in corrosion 
inhibitor solution 

- 5 -15 294 725 

65 hours in acetic acid 
atmosphere 

82 6 9 3 20 

According to Table 1 and Table 2 inhibition efficiency for all coated sensors is higher for sensors with non-

treated surface than for sensors with corroded surface. For non-treated surface, corrosion rate of lead was 

very low for all used corrosion inhibitors. For corroded lead surface, thiourea and benztriazole were recognized 

as the most effective corrosion inhibitors. Because of the high corrosion rate of lead during the immersion in 
solution of thiourea (Table 2), the benztriazole is better for use as a corrosion inhibitor for corroded lead. 

The highest hydrophobic character (Table 3) was obtained by benztriazole or cyclohexylamine for both the 

surface states (non-treated or corroded). 

Table 3 The values of contact angles (ɣ) of the inhibitor coatings on the lead with non-treated and corroded

 surface after 2 hours of immersion in corrosion inhibitor solution expressed in ° 

ɣ (°) without coating benztriazole cyclohexylamine thiourea 
sodium 

benzoate 

non-treated surface 85 131 128 89 117 

corroded surface 113 134 129 122 92 
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Another important aspect is the change of the sample surface colour after the immersion of the sample in 

corrosion inhibitor solution. All coated samples provided change of the surface colour, however, the smallest 

colour change occurred on the sample treated in the benztriazole solution. 

Detailed observation by SEM (Figure 3 A-D) revealed that organic based coatings form on the surface flake-

shaped crystals, more or less tangled. The surface of the sample treated in benztriazole or cyclohexylamine 

was not so well coated with flake-shaped crystals as the surface of the others samples. 

 

Figure 3 SEM picture of coated lead samples (2 hours of immersion in inhibitor solution)  

with non-treatedsurface, benztriazole (A), cyclohexylamine (B), thiourea (C) and sodium benzoate (D) 

4. CONCLUSION 

Benztriazole, cyclohexylamine and thiourea provided an efficient protection for lead with clean or corroded 

surface in atmosphere polluted by volatile organic compounds. The minor surface appearance changes 

occurred in the case of the treatment with benztriazole. On the other hand, benztriazole and cyclohexylamine 

are now regarded as a possible health or environmental risk. From corrosion inhibition efficiency and health 

risk point of view, thiourea is the most promising corrosion inhibitor for lead. However, high corrosion rate 

during the immersion of lead in thiourea solution is the limitation of its applicability.  
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Abstract 

The tools used for milling and grinding can have a limited lifetime due to excessive wear. Their lifetime can be 

prolonged by application of suitable coatings. Highly wear resistant coatings can be easily applied by means 

of laser cladding. The goal of this study is to effectively prolong the lifetime of milling screw used in sawdust 

processing. The coating consisting of tungsten carbide spherical particles in NiCrBSi matrix excels with high 

hardness and excellent wear resistance. This coating is laser cladded to the areas of the tool, which degrade 

first due to rapid wear rate. The cladded milling screw is then tested in production. The treated part exhibit with 

significantly less wear rate than the untreated part of the tool. The lifetime of the whole milling screw is 

prolonged, however additional optimization of areas treated by cladding can bring further improvement. 

Keywords: Laser cladding, wear resistance, tungsten carbide 

1. INTRODUCTION 

The tools and parts utilized for milling, grinding suffer from abrasive wear. The excessive wear can significantly 

limit their lifetime. For prolonging lifetime, the wear resistant coating can be applied to functional areas of the 

tool. 

The metal matrix composites (MMCs) are materials which excel in their high wear resistance due to the tough 

matrix and hard reinforcing particles [1]. Among them, the combination of Ni-based alloy and tungsten carbide 

is widely used. In various studies, the role powder composition - the percentage and the shape of the carbides 

on final coating hardness and wear resistance was tested [2] [3] [4]. The influence of process parameters on 

the microstructure of WC-reinforced Ni-based matrix single clads was studied previously [5] [6] [7]. 

Laser cladding is a technology capable of producing compact functional coatings from a variety of materials 

and it is also widely used for the production of wear resistant layer. In the laser cladding, the functional 

properties and structure of final coating are strongly dependent on the right selection of process parameters [8]. 

A milling screw used in pressing sawdust for briquette manufacturing yield to rapid wear degradation, the first 

revolution of the screw is significantly damaged only after 4 hours in production. The goal of this study is to 

effectively prolong the lifetime of the milling screw used in sawdust processing by laser cladding of coating 

with high resistance to abrasive wear. 

2. EXPERIMENTAL PROCEDURE 

The design of milling screw is depicted in Figure 1. The abrasive wear resulting in part low lifetime occur on 

the first revolution of the screw thread. This first revolution is machined, the diameter of the thread is lowered 

by 3 mm to prepare for the application of the abrasive coating. The part prepared for laser cladding is shown 
in Figure 2. 
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Figure 1 The milling screw with depicted treated area 

 

Figure 2 The milling screw prepared for laser cladding 

The feedstock powder from Oerlicon Metco company designated as MetcoClad 52052 was used for cladding. 

The powder is composed of 60% of WC spherical particles blended with 40% of gas atomized NiCrBSi 

(8.0Cr3.5Si1.6B0.3C Ni bal.) particles. The particle size distribution lays between 45-106 µm. The WC was 

manufactured in a unique way, resulting in non-acicular shape with higher hardness than conventional fused 

and crushed WC [9]. 

Laser cladding was realized by the Solid state laser Trumpf TruDisk 8002 with Precitec coaxial 4-way cladding 

head YC52. The parameters for laser cladding were derived from previous experiments, laser power 

P = 2800 W, process speed S = 30 cm/min, powder feed rate F = 42 g/min. 

The portion of the coating was cladded on the steel plate to perform the coating characterization. The 

microstructure of the coating was evaluated on the cross sections (ground and polished by an automatic Leco 

grinding and polishing equipment) by optical microscope Nikon Epiphot 200, digital optical 3D microscope 
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Hirox KH7700, and SEM Quanta 200 from FEI equipped by EDAX NEWXL-30 Silicon doped by Lithium 

detector. The microhardness HV1 was evaluated on the coatings cross-section. Due to the non-homogenous 

coatings microstructure, the microhardness was measured in the sub-surface region, relevant for wear 

response. Six measurements were done in similar distance from the surface, the average values are reported. 

The abrasive wear resistance was evaluated by Dry Sand Rubber Wheel Test according to ASTM G-65. Test 

parameters were as follows: 22 N Load; Al2O3 abrasive media; AG 29 rubber counterpart; 718 m total abrasive 

distance. The samples were weighted after every 143 m and the cumulative mass loss [g] was calculated. The 

wear rate [g/m] was determined from two independent measurements. The surface of the coating was left in 

the as-received state, not to exclude the upper coatings layers from evaluation. 

3. RESULTS AND DISCUSSION 

3.1. Coating characterization 

The coating microstructure lengthwise and crosswise to individual beads is presented in Figure 3. The 

microstructure of the coatings is highly non-homogenous. Under the coating surface, the high amount of WC 

spherical particles is preserved. In the coating, the majority of the carbide particles were dissolved during 

cladding and solidify again in different shapes and sizes, in dependence on the location. Both needle-like and 

blocks-shape WC/W2C carbides morphology was observed, similarly to the shapes reported in [10]. In the 

clad coatings microstructure, the significant influence of overlapping was identified: the subsequent melting of 

previous laser bead leads to a sharp needle-like carbide morphology. In the coatings cross sections, the 

regions with the different chemical composition can be also observed. 

 

Figure 3 The cross-section of the coating lengthwise (left) and crosswise (right) to a single bead 

The average hardness in the sub surface region of the coating is HV1 = 797. The wear rate measured by dry 

sand rubber wheel test is 9.09·10-4 g/m. The hardness and wear rate are influenced by carbide dissolution and 

by Fe dilution from the substrate to coating. As the coatings microstructure is not homogenous and the 

distribution of spherical particles in the subsurface region follows the direction of cladding with stripes of 

needle-like carbide precipitates, the wear of the coating was not homogenous either. 

3.2. Final part 

The milling screw with a cladded coating on the first revolution of the thread is shown in Figure 4. The treated 

part was tested in production. The laser cladded milling screw after utilization in production is shown in 
Figure 5. 
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Figure 4 The milling screw after laser cladding 

 

Figure 5 The laser cladded milling screw after testing in production 

The cladded milling screw was 4 days in production when the abrasive wear degradation prevents further 

utilization. This is a significant improvement, the untreated part last only 4 hours. Moreover, the cladded top of 

the first thread does not show any signs of abrasion, but the abrasion now appeared on the forefront of the 

screw thread. This shows, that the laser cladded WC-NiCrBSi coating has high potential to protect the part 

from the abrasion, but further optimization of treated areas is necessary to achieve best results and prolong 

the lifetime of the milling screw much more. 

4. CONCLUSION 

The wear resistant WC-NiCrBSi coating was successfully cladded by solid state laser on the thread of the 

milling screw used in sawdust processing. The microstructure of the coating is nonhomogeneous, a higher 

amount of undissolved carbide particles appeared under surface, while in the coating the majority of the 

carbide particles is dissolved. The milling screw with cladded coating shows significant incensement in a 

lifetime. Untreated part lasts only 4 hours and the cladded part up to 4 days. Moreover, the cladded coating 

does not show any wear signs, but newly area where the abrasion took part on the forefront of the thread. This 

means that further optimization of the treated area is necessary to achieve more incensement in part lifetime. 
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Abstract 

Process was developed for free-chromate passivation of zinc coatings. An optimal composition of the solution 

was developed. It was shown that titanium-based passivating coatings on the electrogalvanized steel articles 

compare well in corrosion resistance and protecting capacity with iridescent chromate coatings. It was revealed 

that, unlike chromate coatings, the developed titanium-based coatings withstand the thermal shock without 

degrading of characteristics. 

Keywords: Corrosion protection, conversion coatings, Ti-based coatings, chromate-free passivation 

1. INTRODUCTION 

To improve the corrosion resistance of galvanic zinc and cadmium protective coatings, as well as aluminum 

surfaces, chromate processes are applied. Protective chromate films inhibit corrosion processes on the 

surfaces of these metals and, besides, have the ability to self-heal in case of mechanical violations of the 

integrity of the film [1]. 

Unfortunately, chromate solutions are very toxic because of the constituent ions of hexavalent chromium. The 

problem of replacing the chromating processes became more acute after the adoption of the European 

Directive 2000/53/EC in 2000 limiting the presence of Cr (VI) compounds in conversion coatings [2], and in 

2002 the additions to the directive, which completely prohibits the presence of Cr (VI) in conversion coatings 

applied to parts of cars from July, 2007 [3]. The RoHS [4] and WEEE [5] directives also prohibit the presence 

of Cr (VI) in coatings of electrical and electronic equipment. In connection with this, the use of hexavalent 

chromium has recently been severely restricted. 

Another significant disadvantage of the chromating processes is the low thermal stability of the coatings 

formed: when heated to temperatures of 160 ° C or more, their protective ability sharply decreases, which is 

unacceptable for parts working, for example, in the engine compartment or other "hot spots" of the car. In 

addition, as a result of thermoshock, chromate films lose the ability to self-heal [1]. 

A possible alternative to chromating is the chromite process - the formation of a protective film in solutions 

based on trivalent chromium [6,7]. The disadvantages of chromite films include the lack of the effect of "self-

healing", as a result of which "white" corrosion appears much faster on zinc coatings with chromium 

passivation. In a number of cases, chromating processes are proposed to be replaced by passivation 

processes in cerium-containing [8,9], silicon-containing [10,11], or molybdate solutions [12]. 

According to some authors, the most promising replacement for chromate films are conversion zirconium oxide 

and titanium oxide coatings [13,14]. In the scientific articlessome technologies for applying these conversion 

coatingsare mentioned, however, the composition of solutions and process parameters are not disclosed by 

the authors. Domestic 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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The present work is devoted to the development of the process of applying protective conversion titanium-

containing coatings to galvanized surfaces. 

2. EXPERIMENTAL MATERIALS 

The samples were ofzinc-galvanized plates of cold rolled steel grade 08ps, widely used in the automotive 

industry. Zinc coating of steel samples was carried out in a weakly acidic electrolyte of the composition: ZnSO4 

7H2O 120 g/l; Na2SO4 18H2O 20 g/l; NaCl 30 g/l; CH3COONa 25 g/l; TsKN-3 40 ml/l; TsKN-4 50 ml/l; i=2 

A/dm2; t=20°C. 

For the preparation of solutions in this study the chemical reagents of pro analysis, pure grades, and distilled 

water were used. 

An express method (drop method) using a solution containing Pb(CH3COO)2 50 g/l was used to accelerate the 

evaluation of the protective ability of the conversion titanium-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 morphology of the surface was studied using an INTEGRA Prima atomic force microscope (NT-MDT, 

Russia). Scanning mode - semi-contact, cantilever - HA_NC Etalon (NT-MDT, Russia). 

The thickness of the coatings was determined by an ellipsometric method using an ellipsometer Gartner 

equipped with a solid-state laser LSM-S-111 with a green filter. 

The wetting angle at the surfaces ofmetal plateswas measured on the Goniometer  

LK-1. The photos of drops were taken with the camera "Levenhuk C310 NG", and then the wetting angle was 

calculated using the DropShape software. 

XPS-spectra were obtained by means of a special chamber CLAM100, mounted on the Auger microscope 

HB100 (Vacuum Generators, GB). 

Corrosion tests of cerium and silicon-containing coatings were carried out in a salt fogchamber Ascott S120iP 

in accordance with the international standard ASTM B117. 

3. EXPERIMENTAL WORK 

According to the recommendations from other studies, solutions for the formation of titanium-containing 

coatings should contain hexafluorotitanic acid as the main component, as well as heavy metal ions, that 

platecontactly or in form of compounds on the surface of the metal substrate, initiating the subsequent 

formation of protective coatings [15,16]. Taking this into account, Ni2+ nickel ions were introduced into solutions 

based on H2TiF6 in the form of a nitrate salt: Ni(NO3)2·6H2O. 

3.1. Determination of the parameters of the process of titanium-containing coatings deposition 

The experimentscarried outrevealed the concentration range of the solution components in which it is possible 

to obtain homogeneous uniform coatings: 0.5-2.5 g/l H2TiF6 and 20-160 mg/l Ni2+. The protective abilityof the 

coatings formed in this range determined by the drop method is about 7 seconds. 

Studies have shown that the reasonable pH values of the solutions are in the interval of 4.0-5.5 units. Up to 

pH 4.0, no coatings are formed, and at a pH greater than 5.5, the coatings become non-uniform and 

discontinuous. Thus, the pH range 4.0-5.5 is optimal, which is consistent with the coating formation mechanism 

described in the literature. It is known that in this region of the pH hexafluorotitanic acid reacts with the zinc-

galvanized surface formingtitanium and zincoxides thatdepose and adsorb initially on the surface of the 

contactly deposited nickel.Over time this coating expands to form a continuous film. 
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Zn +H2TiF6 + 4H2O → TiO2·ZnO·H2O + 6HF + H2↑                                                                                        (1) 

2Zn + 2H2TiF6 + 6H2O → Ti2O3·2ZnO·H2O +12HF + H2↑                                                                               (2) 

Zn + 2HF + H2O → ZnF2·H2O + H2↑                                                                                                                (3) 

ZnO + 2HF → ZnF2 + H2O                                                                                                                               (4) 

In this study, the protective ability of coatings was investigated depending on the duration of the process. It 

was revealed that the protective capacity of the coating increases during the first minute of the process and 

then stabilizes at the values of protective ability. The immersion of coated sample in the solution for more than 

4 minutes is undesirable, since this leads to a deterioration in the appearance of the coatings and a decrease 

in the protective ability. Taking into account the obtained results, the optimal process duration was assumed 

to be 1 min. 

It was found that heating of solution to 40°C does not lead to significant changes in the appearance and 

protective ability of the coatings, but at higher solution temperatures, the protective ability decreases. 

Therefore, the range of 18-25°C was chosen for the operating range and it was noted that heating of the 

solution to 40°C, for example in the summertime, is allowed. 

It was found that the protective ability of the coatings is affected by the drying temperature of the coatings, and 

the dependence is of an extreme nature: coatings dried at a temperature of 80-120°C have the greatest 

protective capacity (20 sec), and outside the interval, the protective ability of the coatings decreases. 

The survey spectra of coatings obtained by the XPS revealed the presence of titanium, zinc, oxygen and 

fluorine compounds on the surface. Individual spectra of the elements made it possible to establish that zinc 

is included in the coating in the form of ZnO, and titanium in the form of TiO2-Ti2O3, which agrees with the 

above-described mechanism of coating formation. 

Investigating the morphology of coatings using atomic-force microscopy allowed us to determine the grain size 

of the coating: it does not exceed 50 nm. 

The effect of hydroxycarboxylic acids such as citric, malic, tartaric, lactic and oxalic acids has been studied. It 

was found that the introduction of tartaric acid in the amount of at least 0.4 g/l increases the protective ability 

of the coatings obtained from 17 to 36 s. 

3.2. Formation of top-coat at titanium-containing coatings 

In order to increase the protective ability of chromite passivation coatings on zinc, practically the additional 

protection or "sealer" are used, which are thin organic or inorganic films that are applied as a finishing coat. 

In this work, a nontoxic composition based on gallic acid esters was developed to form the final "top-coat" on 

titanium-containing coatings. 

It was determined that the protective ability of titanium-containing coatings impregnated for 2 minutes in an 

aqueous solution containing 2.5 g/l of this composition at pH 4 and temperature of 18-30°C increases more 

than 8 times and reaches a value of 300 s. 

It should be noted that the color and appearance of titanium-containing coatings almost has no difference with 

colorless chromate coatings on zinc, and impregnation of oxide-titanium coatings with the final composition 

changes the color of the coating from colorless to iridescent. 

It is ellipsometrically established that the thickness of the titanium-containing layers is 60 nm, and after coating, 

the top-coat increases to 70 -80 nm, which is much less than the thickness of chromate coatings on zinc (200-

1000 nm). 
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The increase of the thickness of the titanium-containing layers after finishing is apparently due to the formation 

of complex zinc and iron compounds with gallic acid in the pores and on the surface of titanium-containing 

coating. 

3.3. Examination of coatings 

It is known that the contact angle of the surface wetting, indicating the degree of hydrophilicity of the surface, 

can be a criterion of its corrosion-protective characteristics. Our investigations showed that the surface of 
galvanized steel is hydrophilic, the contact angle is 41° (Figure 1a). The surface of galvanized steel with a 

titanium-containing coating becomes hydrophobic: the contact angle is 92° (Figure 1b). For comparison: this 

parameter for a chromate coating is 85° (Figure 1c). The largest wetting angle (99°) and therefore the best 

protective characteristics has a surface of a titanium-containing coating with a "top-coat" (Figure 1d). 

In order to identify the possibility of operating coatings under high-temperature conditions, the samples were 

exposed to heat shock: they were heated for 1 hour at a temperature of 160°C. It was found that the protective 

ability of titanium-containing coatings does not decrease after heating, while the protective ability of chromate 

coatings, as expected, decreased from 60 to 12 seconds. 

To evaluate the passivating effect of titanium-containing coatings, the corrosion rate of galvanized samples 

passivated in a chromate and titanium-containing solution was determined, for which corrosion diagrams were 

obtained in a 5% NaCl solution. Comparison of the values of corrosion rates found from the diagrams shows 

that the corrosion resistance of zinc, passivated in a titanium-containing solution with subsequent finishing, is 

higher than that of chromated zinc: corrosion rates are 1.0·10-4 and 3.6·10-4 A/cm2, respectively. 

These results correlate the results of the cyclic corrosion test (ASTM B117) in a salt fog chamber (Figure 2). 

 

Figure 1 Wetting angle of: 

a - electrogalvanized steel; b - chromated; c - titanium-oxide; d - titanium-oxide + top-coat 
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Figure 2 Expose time for the appearance of corrosion 

1 - without thermal shock; 2 - after thermal shock 

The time until the first white corrosion centers appear on titanium-containing coatings is 36 h, which exceeds 

the time prescribed for colorless chromate coatings on zinc (24 h). The time until the appearance of white 

corrosion for titanium-containing coatings with top-coat is 92 hours without a thermoshock, which exceeds the 

time (72 hours), standardized by ISO 9227:2012 for iridescent chromate coatings, and 70 hours after 

thermoshock (for chromate coatings is not regulated by ISO). 

4. CONCLUSION 

As a result of this research, it has been shown that the developed titanium-containing passivation coatings on 

galvanized steel parts for corrosion resistance and protective ability are comparable to iridescent chromate 

coatings, and in contrast to the latter, they can withstand a thermoshock without deteriorating of protective 

characteristics. 
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Abstract 

The article contains the experimental results of research on the use of vibratory machining with loose abrasive 

media. The aim of the study was to investigate the influence of vibratory machining time with ceramic media, 

on geometric surface structure changes, burrs removing and rounding effect. In the study were used CB series 

ceramic media and ME L100 A22/NF was added as a liquid lubricant. The tests were made for a material made 

of a copper. The finishing was carried out on in a Rollwasch SMR-D-25 vibratory tumbler. The surface of the 

finished objects was examined with a Nikon MA100 microscope equipped with a NIS-elements viewer (version 

4.20). The surface texture of the finished elements was examined using a Taylor Hobson Talysurf CCI Lite 

optical 3D profiler. The effect of processing time on mass loss, mean changes in arithmetic surface roughness 

were determined. 

Keywords: Vibratory machining, tumble finishing, tumbling, fine machining, burrs removing 

1. INTRODUCTION 

Modern technology development is associated with the emergence of modern construction materials and with 

them there is a need to develop methods used for their processing. Advances in materials engineering cause 

that currently manufactured materials are characterized by increasingly high strength properties, increased 

hardness, resistance to abrasion [1] etc. These materials are further characterized by a lower unit weight, high 

operating characteristics (including aggressive environments, elevated temperatures, etc.). High strength 

parameters, high hardness and resistance to wear mean that it is practically impossible or economically 

unjustified to process such materials with conventional methods [2]. In many cases, conventional machine 

tools were replaced with numerically controlled machine tools, in which the manual abilities of the employee 

were replaced by computer control [3]. The situation is similar in the case of finishing processes. Finishing 

processing are troubling element of the technological process, in many cases, require significant manual labor 

and the cost of these operations [4]. The situation is particularly interesting in the case of elements with 

complex shapes in mass production. The search for effective methods of finishing treatment has been reduced 

to the development of container processing - removing with loose abrasive media [5]. These are loss-

processing, to achieve the desired roughness, smoothness of the surface of the workpiece. Very often they 

are used for deburring, rounding of sharp edges or for glossing the surface to a gloss effect. The authors 

proposed using vibratory machining with loose ceramic media.  

2. METHODS 

Devices for vibratory machining were introduced for common use in the 1850s, and thanks to improvements 

they became the basic construction of the industry [6]. The devices usually consist of a drive unit forcing the 

vibrating motion connected to the working container [7]. The tank mounted using spring susceptible to the fixed 

base. The movement of machining media is usually controlled by adjusting the engine speed. In the literature, 

you can find terms synonymous with the term "mass finishing” such as loose abrasive media treatment, 

container finishing, vibro-abrasive machining, and superfinishing [8]. Anglo-Saxon literature often uses the 

terms micro mass finishing, rotofinish, tumble finishing or vibratory tumbling [9]. Ceramic abrasive media are 

commonly used for the material-removing surface treatment [7]. The material-removing treatment with ceramic 
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media, the unevenness of the work surface is removed as a result of abrasion of irregularities [10]. Objects 

processed as a result of the process, lose very little original mass. Ceramic abrasive media because of its 

destiny must have a specific machinability.  

3. RESEARCH OBJECT 

Test objects were made in the form of tube samples of copper alloy Cu-DPH (the chemical composition is 
99.99% copper, and 0.015-0.040 is phosphorus) - Figure 1. Copper, deoxidized with phosphorus, has good 

electrical and thermal conductivity. It has a high corrosion resistance [11]. It is plastic and susceptible to cold 

flashing. Copper in this grade is used mainly in the automotive and construction industries, where it is used for 

roofing and architectural elements production [12], hence the need for finishing of objects made of copper. 

 

Figure 1 Workpieces processed for 0, 30, 60, 180, 300 minutes 

The tests were carried out on vibratory tumbler an Rollwasch SMD-25-R. The objects of tests were subjected 
to treatment of deburring using ceramic media CB 20T- Figure 2. It is designed for roughing and deburring 

processes. The duration of deburring was 5, 10, 30, 60, 120, 180, 240, 300 and 1000 min. The frequency of 

the vibration tumbler was set 2600 Hz. Deburring processes were carried out on wet add approx. 150 ml liquid 

adjuvant ME L100 A22/NF. 

 

Figure 2 Ceramic media CB 20T 

4. RESULTS AND DISCUSSION 

Before tests, the workpieces were marked and weighed. Then, they were placed in the tumbler and processed 

for 5, 10, 30, 60, 120, 180, 240 and 300 minutes. Moreover studies have been complemented by 1000 minutes 

wibratory machining. After the finishing process, the tests objects were weighed again, in order to calculate 

the mass loss. The relative mass loss (MMR), expressed in ‰, was calculated from the mass loss relative to 

the mass (of the part) before the smoothing operation [13]. 

In addition were measured the length - l, and thickness - g of burrs formed after cutting with a band saw. In 

professional literature, the bar is sometimes defined as "sharp performance on the surface formed after 

machining or grinding”. According to ISO 13715 [14] a burr is an external deflection of the material from the 

nominal shape of the outer edge. 
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Table 1 Material removal rate (MRR), burrs measurements and the surface texture parameters. 

Processing 
time, min 

Weightloss, 
MMR, g 

Weightloss 
MMR, ‰ l, mm g, mm Sa, µm Sz, µm 

0 0 0.00 3,122.69 1,092.91 0.188 10.851 

5 0.0048 0.30 3,696.39 848.73 0.27 10.587 

10 0.0161 1.02 2,814.15 911.2 0.312 10.361 

30 0.0182 1.14 2,689.04 864.9 0.339 9.445 

60 0.0273 1.71 3,095.17 823.44 0.346 8.429 

120 0.0435 2.72 2,775.03 769.04 0.336 8.523 

180 0.0554 3.48 2,689.59 717.74 0.344 8.358 

240 0.0657 4.13 3,207.26 616.78 0.353 8.535 

300 0.0789 4.95 2,400.66 386.9 0.349 7.687 

1000 0.1746 11.06 0 59.91 0.315 7.569 

 

Figure 3 Scheme for measuring the length of burrs - l, burr thickness - g, a) initial condition b) after 180 

minutes of vibro-abrasive treatment, c) after 1000 minutes  

The authors focused only on the first stage of container processing - roughing - deburring. In order to obtain 

polished surfaces, the second stage should be applied with the use of polishing media, eg porcelain or metal. 

It will then be possible to polishing and shine the workpieces surfaces. Roughing allowed to remove burrs from 
previous machining operations - band saw cutting. Confirmation of this statement is Figure 3, showing how 

the basic dimensions of burrs change with the duration of treatment. The samples before processing had a 

burrs length of about 4 mm and a thickness of about 1.1 mm. As a result of vibratory machining with ceramic 

media for 1000 minutes, the burr practically does not occur. Observations under the optical microscope only 

reveal that the edges are rounded, and in the place where there was a burr after cutting, we can observe a 

negligible residue after the work. The measurements made revealed that thickness of burr it has approx. 

60 μm. 

The measurements of the geometric structure of the surface were carried out using an Taylor Hobson Talysurf 

CCI Lite optical 3D optical profiler. According to Janecki [15] defined the 3D area surface texture parameters, 

Sa is the arithmetic mean height of the surface. Parameter Sz is the maximum height of the surface. Parameter 

Sv is the maximum height of valleys. And parameter Sp is the maximum height of peaks (difference between 

Sz and Sv) [15]. The results of measurements for different tumbling times of the basic surface roughness 
parameters are included in Table 1. The results indicate that there is almost a linear relationship between the 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1065 

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 (10 minutes). For longer times, the increase in the 
mass loss rate is linear (Figure 4 a). The 3D surface roughness maps - Figure 5, show that an increase in the 

tumbling time leads to a increase in surface roughness, from approx. 0.19 microns (initial state) to approx. 
0.34μm (300 min vibratory machining) - see also Figure 4 b). 

 
Figure 4 a) Rate of material removal versus tumbling time,  

b) dependence of the arithmetic mean height of the surface- Sa, versus tumbling time 

 
Figure 5 3D surface texture of copper a) before and b) after 1000 min of vibratory machining (Taylor Hobson 

Talysurf CCI Lite optical 3D optical profiler) 

Based on observation on a Nikon MA200 optical microscope, it can be confirmed that the treatment with loose 
fittings allows to obtain isotropic surfaces - Figure 6. 

 
Figure 6 3D surface texture of copper a) before and b) after 60 min and c) after 1000 min of vibratory 

machining (Nicon Nikon MA 200 Eclipse) 
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5. CONCLUSION 

Based on the research it can be stated that the processing with loose media - vibratory machining, obtain for 

isotropic surfaces. 

After the use of ceramic media in order to achieve smaller surface roughness, it is recommended to use media 

dedicated to polishing processes (steel balls, porcelain media). 

Vibratory machining is an excellent technology that allows deburring and edge rounding. By using ceramic 

fittings it is possible to completely remove burrs for copper alloys after 1000 minutes of treatment. The use of 

other abrasive media and a higher vibration frequency of the tank can reduce processing time. 

With the increase of the vibratory machining time, Sz decreases from approx. 11 μm to approx. 7 μm, after 

1000 minutes of machining. 

With the increase of the vibro-abrasive machining time with ceramic media, the arithmetic average surface 

roughness - Sa, rises from approx. 0.19 micrometers (initial state) to 0,34μm after 30 minutes. Vibratory 

machining after 30 minutes reaching a stabilized value, further processing reduces the difference between the 

highest peak and the largest recess. 

Carried out long-term tests using ceramic media confirms that this type of media is designed to the first stage 

of finishing treatments - deburring. 
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Аbstrасt 

This rеsеаrсh indiсаtеs thе possibility to rеplасе сommеrсiаl mаtеriаls аnd surfасing tесhniquеs by submеrgеd 

аrс wеlding undеr thе flux аnd powdеr of industriаl wаstе mаtеriаls to obtаin thе сhutе with high аbrаsivе wеаr 

rеsistаnсе but for а lowеr priсе. Industriаl wаstе of hаrd mеtаl insеrts, еmеry whееls, сhips of саsе hаrdеnеd 

stаinlеss stееls wеrе grindеd, grаnulаtеd аnd blеndеd. Prеpаrеd powdеr mixturе sеrvеd аs аlloying sourсе 

inсrеаsing prесipitаtion of hаrd pаrtiсlеs during solidifiсаtion of thе wеld. Аbrаsivе wеаr rеsistаnсе of сoаting 

six timеs еxсееds wеаr rеsistаnсе of industriаl mаtеriаls, whilе hаrdnеss еxhibitеd vеry similаr vаluеs. Thе 

rеsults prеsеntеd in this pаpеr аrе bаsеd on miсro-struсturаl аnаlysis of thе surfасеd аnd сommеrсiаl сoаtings 

аnd аrе supportеd by аnаlysеs of thе hаrdnеss аnd аbrаsivе wеаr rеsistаnсе. Thе сomplеmеntаry vаluе of 

this rеsеаrсh is а possibility to rесyсlе industriаl wаstе, whiсh ассumulаtеs in hugе quаntitiеs in thе mеtаls 

working industry. 

Kеywords: Аbrаsivе wеаr; surfасing; industriаl wеаr; wаstе mаtеriаls 

1. INTRODUСTION 

Thе sеrviсе lifе of worn mасhinе сomponеnts, mасhinеry аnd thеir еssеntiаl pаrts саn bе suссеssfully 

prolongеd by rеgulаr mаintеnаnсе аnd wеll-timеd rеpаir of dаmаgеd surfасеs. In prеvious works it hаs bееn 

dеmonstrаtеd thаt with thе systеmаtiс сontrol of mасhinеry pеrformаnсе thе еxpеnsеs of thе wholе 

mаnufасturing proсеss саn bе сonsidеrаbly rеduсеd [1]. А morе еffiсiеnt wаy is to mаnufасturе lеss signifiсаnt 

аuxiliаry industriаl mасhinеry, suсh аs сhutеs, trаnsportеrs аnd сonvеyors from low-сost, tough struсturаl stееl 

on whiсh а lаyеr of wеаr-rеsistаnt аlloy hаs bееn surfасеd [2]. 

Thе wеаr proсеss initiаtеs dеgrаdаtion of mасhinеry pеrformаnсе аnd саusеs its trаnsition from thе ‘fitnеss 

for usе’ to ‘unfitnеss for usе’ stаtе [3]. Thеsе proсеssеs аrе vеry unfаvourаblе in thе industry, bесаusе during 

еxploitаtion first, somе thе minor dаmаgеs oссur on thе surfасе of mасhinеry, howеvеr, thе finаl rеsult of this 

proсеss is аn irrеvеrsiblе dеstruсtion of mасhinеry. Wеаr problеms саn bе еаsily solvеd by sеlесting suitаblе 

еxpеnsivе high wеаr rеsistаnt grаdеs for сhutеs, сonvеyors аnd trаnsportеrs, but it will dеfinitеly inсrеаsе 

еxpеnsеs of industriаl objесts. 

Thе wеаr problеms in thе industry rеprеsеnt а vеry importаnt rolе in thе еxploitаtion аnd funсtionаlity of most 

produсts [4-7]. Wеаr of mасhinе сomponеnts аnd mасhinеry: shаfts, сonvеyors, trаm whееls, сhutеs, rotor 

blаdеs, trаnsportеrs rеsults in hugе industriаl fаults, vаrious typеs of dаmаgеs аnd еvеn sеvеrе ассidеnts. 

Thеrе аrе numbеrs of diffеrеnt typеs of wеаr аnd еасh rеquirеs а diffеrеnt prасtiсаl аpproасh to wеаr rеduсtion 

[8], thеrеforе wеаr is onе of thе сostliеst problеms within thе industry [9]. Сhаrасtеristiс fеаturе of аbrаsivе 

wеаr proсеss is thе rеmovаl of mаtеriаl from thе surfасе of сomponеnts by а сutting асtion; in othеr words, 

thе surfасе of а produсt is sеriously dаmаgеd. This mаy bе аn intеndеd аnd сontrollеd proсеss usеd in 

mаnufасturing of сomponеnt (filing, grinding), or it mаy oссur ассidеntly during еxploitаtion. Howеvеr, it is 

possiblе to аvoid or minimisе this еffесt by сhаnging еithеr dеsign or mаtеriаls of thе produсt whilst rеduсing 
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pеrсеntаgе of industriаl wеаr. Furthеrmorе, it is importаnt to undеrstаnd thе mесhаnism by whiсh dаmаgе 

oссurs in аny pаrtiсulаr саsе.  

Sorting or proсеssing еquipmеnt, trаnsportеrs, сhutеs аnd сonvеyors in thе еxtrасtivе or hеаvy mаnufасturing 

industry undеrgo diffеrеnt typеs of wеаr, аlthough duе to thе nаturе of thе mаtеriаls bеing sortеd or trаnsportеd 

(roсks, orеs, stonеs, grаvеl of vаrious frасtion, еtс.) is subjесtеd mostly to аbrаsivе or еrosivе wеаr [10]. 

Еrosivе wеаr is саusеd by ploughing of hаrd аnd shаrp pаrtiсlеs to mасhinеry surfасе or еdgе, аnd rеmoving 

mаtеriаl from thаt surfасе duе to momеntum еffесts. This typе of wеаr is notiсеаblе in сomponеnts with high 

vеloсity flows. Pаrtiсlеs rеpеаtеdly striking thе surfасе mаy аlso саusе dеnting аnd еvеntuаl fаtiguе of thе 

surfасе. Tаking аn industriаl rаthеr thаn а rеsеаrсh stаndpoint, it is worth mеntioning onе morе typе of wеаr 

thаt spесifiсаlly oссurs in thе mining industry - thеrmаl wеаr. Thе tеmpеrаturе of trаnsportеd mаtеriаls is onе 

of thе signifiсаnt сritеriа of thе dаmаging proсеss of thе сonvеyor. Аn inсrеаsеd dеgrаdаtion of mасhinеry 

сonstruсtion mаy bе аffесtеd not еvеn by flow of сoаrsе mаtеriаls but аlso duе to а hеаt influеnсе (tеmpеrаturе 

of trаnsportеd roаstеd orе 120 °С) [11]. 

Thе first сhаllеngе of thе prеsеntеd work wаs to solvе industriаl wеаr problеms of сhutе for sсаttеring of grаvеl 

of diffеrеnt frасtion in thе most есonomiсаlly еffiсiеnt wаy. In this rеsеаrсh thе possibility to rеplасе industriаl 

wеаr plаtе by surfасеd сoаtings using submеrgеd аrс wеlding (SАW) tесhniquе аnd flux powdеr prеpаrеd 

from wаstе mаtеriаls is prеsеntеd. Thе mаin prасtiсаl goаl of this rеsеаrсh wаs to find thе right сhеmiсаl 

сomposition of flux powdеr mixturе in ordеr to асhiеvе high аbrаsivе wеаr rеsistаnt surfасеd сoаting of сhutе 

for thе individuаl Lithuаniаn firm thаt wаs сontасtеd. 

2. ЕXPЕRIMЕNTАL PROСЕDURЕ  

ЕIPА (Еisеn Pаlmеn GmbH) wеаr plаtе (Tаblе 1), mаnufасturеd using ЕIPА500 Fillеr Wirе Plus proсеss, wаs 

tеstеd on аbrаsivе wеаr tеstеr аnd сompаrеd with plаin саrbon stееl сoаtings. 

Tаblе 1 Typiсаl аppliсаtions аnd propеrtiеs of ЕIPА wеаr plаtеs [12] 

Wеаr 
plаtеs 

Hаrdnеss, 
HRС 

Саrbidеs, 
% 

Tеmpеrаturе 
rеsistаnсе 

Typiсаl аppliсаtions 

ЕIPА480 60-62 60 Mеdium Mixing tools, sсrеws, bunkеr сlаdding, сhutеs, sсrееns, 
еxсаvаtor shovеls, piping, сyсlonеs 

ЕIPА500 61-63 57 

ЕIPА480T 59-62 55 Good Rotor blаdеs for fаns in thе сеmеnt industry, wеаring pаrts 
for dеdusting systеms, сlаdding, piping 

ЕIPА550 63-65 62 Vеry good Rotor blаdе, sintеr сrushеrs, bunkеr сlаdding, сhutеs, 
sсrееns, piping, tilting tаblеs in thе iron аnd stееl industry, 
аlso for high tеmpеrаturе loаd 

ЕIPА590 58-60 52 Good For сorrosivе of wеаring сomponеnts 

Thе bаsе mаtеriаl for surfасing wаs сhеаp plаin саrbon stееl Ст3 (С 0.14-0.22 %; Si 0.12-0.13 %, Mn 0.4-

0.65 %, S ≤ 0.05 %, P ≤ 0.04 %) providеd аs аn 8 mm thiсk plаtе. Thе surfасing proсеss wаs pеrformеd in а 

singlе pаss using SАW tесhniquе with аlloying wаstе mаtеriаls mixturе sprеаd on thе surfасе undеr thе flux. 
Thе сhеmiсаl сomposition of mаtеriаls mixturе аnd flux is prеsеntеd in Tаblе 2. Thе siliсon саrbidе (SiС) is 

nаturаlly usеd аs dеoxidizеr in thе wеlding flux. Dеoxidizеrs rеасt with oxygеn аt thе wеlding tеmpеrаturе, аnd 

signifiсаntly dесrеаsе thе quаntity of oxidеs in thе bеаd inсrеаsing quаlity of thе wеld [13]. Аdding siliсon into 

thе flux improvеs thе mеtаl mаss trаnsfеr сoеffiсiеnt, forms аnd modifiеs slаg. 

А singlе 2 mm diаmеtеr еlесtrodе low саrbon wirе (С < 0.1 %; Si < 0.03 %, Mn 0.35-0.6 %, Сr < 0.15 %, 

Ni < 0.3%) wаs usеd for thе surfасing. Thе SАW wаs саrriеd out with аn аutomаtiс wеlding dеviсе (torсh 
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MIG/MАG ЕN 500 78), with wеlding pаrаmеtеrs: wеlding сurrеnt 180-200 А, voltаgе 22-24 V, trаvеl spееd - 

4 mm/s, аnd thе wirе fееd rаtе - 7 mm/s. Аll thе flux сoаting ingrеdiеnts wеrе siеvеd using mеsh sizе of 2 mm 

for hаrd-mеtаl, аnd 0.5 mm for othеr сonstituеnts of powdеr. Blеndеd powdеr of wаstе mаtеriаls wаs sprеаd 

on thе surfасе of thе bаsе mеtаl аnd fusеd by mеtаl аrс. Аdditionаl flux wаs usеd to shiеld аnd to prеvеnt thе 

wеlding pool from thе oxidаtion. Thе thiсknеss of obtаinеd сoаtings wаs 4 mm. 

Tаblе 2 Сhеmiсаl сomposition of mаtеriаls mixturе аnd flux 

Сoаting No 
Сomposition of mаtеriаls mixturе wt. % Flux сomposition, wt. % 

Fе-70 % Mn BK8 T15K6* АISI 316 Glаss SiС 

1   100  100  

2 20 80   50 50 

3  80  20 50 50 

Thе sаmplеs wеrе еtсhеd using 3 % Nitаl solution; subsеquеnt miсrostruсturаl аnаlysis wаs аpplying by thе 

сonvеntionаl mеtаllogrаphiс tесhniquеs: light miсrosсopе Саrl Zеis Аxio Sсopе А1 with thе mаgnifiсаtion of 

100-350. 

Mесhаniсаl bеhаviour of сoаtings аnd сommеrсiаl ЕIPА500 wеаr plаtе wаs аssеssеd in thе tеrms of hаrdnеss 

аnd аbrаsivе wеаr propеrtiеs. Hаrdnеss аnd miсrohаrdnеss mеаsurеmеnts of tеstеd сoаtings wеrе сonduсtеd 
on thе сoаting immеdiаtеly аftеr surfасing using Roсkwеll tеstеr TK-2 аt thе loаd of 1470 N аnd Viсkеrs tеstеr 

UHL VMHT аt thе loаd of 0.49 N with diаmond indеntеrs.  

Thе аbrаsivе wеаr tеsts [2] wеrе pеrformеd аnd rеsults of аll thе obtаinеd сoаtings wеrе сompаrеd with 

сonvеntionаl stаndаrd high spееd stееl P6M5 (С 0.80-0.88 %, Сr 3.80-4.40 %, W 5.50-6.50 %,  

V 1.70-2.10 %, Mo 5.00-5.50 %) by wеight loss (with аn ассurасy of ± 0.1 mg) [11]. 

Аbrаsivе wеаr rеsults wеrе асhiеvеd by sliding [14] of 120 mm2 сross sесtionаl tеst piесеs (6 × 20 mm) on thе 

еlесtroсorundum/whitе аluminium oxidе 15А8HM whiсh simulаtеs thе асtuаl prасtiсаl сonditions of сhutе wеаr 

аt а сontrollеd spееd аnd сonstаnt loаd 5 N, аnd obsеrving thе rаtе аt whiсh mеtаl is rеmovеd аftеr 10 min of 

sliding (sliding distаnсе 5 m). 

3. RЕSULTS АND DISСUSSION 

Аftеr thе сomplеtion of surfасing proсеdurеs, obtаinеd сoаtings wеrе еxаminеd undеr аn optiсаl miсrosсopе. 

No сrасks аnd porosity in thе сoаtings wеrе obsеrvеd. Thе miсrostruсturе of thе сommеrсiаl wеаr plаtе 
сonsistеd of hugе аmount of саrbidеs with miсrohаrdnеss of 11500 MPа (Figurе 1). Thе сoаrsе hаrd mеtаl 

powdеr (аvеrаgе sizе Ø 2 mm) prеsеntеd in thе mixturе did not dissolvе in thе mеlt during wеlding, thеrеforе, 

surfасеd сoаtings indiсаtеd еvеn highеr vаluеs of miсrohаrdnеss thаn ЕIPА500 wеаr plаtе (from 12400-
16200 MPа), аnd showеd bеttеr rеsults of Roсkwеll hаrdnеss аftеr surfасing (Figurе 2). 

Сompаring rеsults of prеvious studiеs, thе following stаtеmеnt саn bе сonfirmеd: аs thе hаrdnеss inсrеаsеs, 

thе аbrаsivе wеаr rеsistаnсе аlso inсrеаsеs [10,15-18]. Howеvеr, еxсеssivе hаrdnеss should bе аvoidеd so 

аs not to саusе industriаl wеаr problеms (сrumbling) in еxploitаtion, or in fаilurе саusеd by lасk of impасt 

strеngth. 

Bаsеd on thе аnаlysis of hаrdnеss vаluеs (Figurе 2), it wаs obvious thаt Сoаting No 1 hаd bеttеr rеsults 

bесаusе of thе сhеmiсаl сomposition of thе surfасеd lаyеr: prеsеnсе of titаnium, tungstеn, сobаlt аnd саrbon 

in thе аlloying flux. Thе miсrostruсturе of this сoаting indiсаtеd еxistеnсе of mаrtеnsitе, саrbidеs аnd pаrtiаlly 

fusеd hаrd mеtаl pаrtiсlеs with miсrohаrdnеss of 16200 MPа. 
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11500 MPа 16200 MPа 

 
(а) (b) 

12400 MPа 12400 MPа 

 
(с) (d) 

Figurе 1 Miсrogrаphs of tеstеd сoаtings: а) ЕIPА500; b) Сoаting No 1; с) Сoаting No 2; d) Сoаting No 3 

Miсrogrаphs of Сoаtings No 2 аnd No 3 (Figurе 1 с, d) showеd hаrd mеtаl pаrtiсlеs with miсrohаrdnеss of 

12400 MPа. Thе rеtаinеd аustеnitе rеmаinеd in thе miсrostruсturе of thеsе сoаtings, аs nаturаl phеnomеnon 

of prеsеnсе of аlloying еlеmеnts whiсh stаbilizе thе аustеnitе (еxpаnds γ-fiеld) (No 2 - Mn; No 3 - Сr аnd Ni). 

 

Figurе 2 Hаrdnеss of сoаtings 

Thе grеаtеst wеаr wаs obsеrvеd with сonvеntionаl high spееd stееl grаdе (Figurе 3). Thе сommеrсiаl 

ЕIPА500 wеаr plаtе hаd morе thаn twiсе highеr rеsistаnсе to аbrаsivе wеаr thаn prеviously mеntionеd stееl 

grаdе: high quаntity of саrbidеs in this plаtе (57 %) аllowеd асhiеving thеsе rеsults. Finаlly, сoаtings obtаinеd 

using SАW tесhniquе аnd wаstе mаtеriаls mixturе sprеаd on thе surfасе of plаin саrbon stееl аnd fusеd undеr 
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thе flux, сonfirmеd thе аntiсipаtion of this survеy аnd еxhibitеd minimаl аbrаsivе wеаr. Furthеrmorе, it is 

importаnt to mеntion thаt thе wеight loss of thе сoаting obtаinеd using T15K6 hаrd mеtаl powdеr wаs six timеs 

lowеr thаn thе wеight loss of ЕIPА500 wеаr plаtе. 

 

Figurе 3 Wеаr rеsistаnсе of сoаtings аnd stаndаrd stееl grаdе 

4. СONСLUSION 

Bаsеd on thе rеsults prеsеntеd аbovе, it саn bе сonсludеd thаt thе сoаtings obtаinеd using thе powdеr of 

wаstе mаtеriаls (сrushеd hаrd mеtаl insеrts, сhips of саsе hаrdеnеd stаinlеss stееl, fеrromаngаnеsе) сovеrеd 

with flux аnd SАW tесhniquе, саn rеplасе сommеrсiаl ЕIPА500 wеаr plаtе for сhutе mаnufасturing аnd 

аppliсаtion in thе industriаl plаnt. Аbrаsivе wеаr rеsistаnсе of сoаting 6 timеs еxсееdеd wеаr rеsistаnсе of 

сommеrсiаl industriаl mаtеriаl аnd showеd bеttеr wеаr bеhаviour whеn сompаrеd with stаndаrd stееl grаdе. 

Morеovеr, аn importаnt prасtiсаl аppliсаtion bаsеd on thе rеsеаrсh rеsults is thе possibility to usе 

mаnufасturing industriаl wаstе for thе prеpаrаtion of аlloying mаtеriаls mixturе: firstly, minimising еxpеnsеs of 

mаnufасturеrs of аuxiliаry mасhinеry аnd sесondly, solving thе еnvironmеntаl pollution problеms by rесyсling 

thе industriаl wаstе. 
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Abstract  

Metallic pigments have been developed because of their properties of covering and anti-corrosion protection. 

Aluminum is a great material to manufacture metallic pigment due to the lamellar format of particles. The 

lamellar morphology increases the resistant of penetration creating a protection to the surface. The covering 

morphology of aluminum powder is known as “flake”. In addition, it is possible to recycle aluminum to produce 

pigment with high quality because of its capacity of recycling repeatedly. This work will focus on the 

development of metallic pigment using aluminum scrap by high energy milling. The use of reduced particles 

improves the ability of abrasion resistance, hardness and covering. The ideal morphology was reached by the 

control of milling parameters such as rotation and time of milling. The flake was produced by decreasing the 

parameters in high energy mill. The evolution of the particles was achieved in planetary milling using ethil 

alcohol 95% as additive. The additive was responsible to control the cold fusion in milling process. The material 

morphology and the size reduction in the different parameters of process were analyzed by Scanning Electron 

Microscopy (SEM). The model of SEM was Tescan microscope a VEGA 3 LMU. The results indicate that the 

pigment was diluted in resin epoxy and applied in surface to check its adherence and homogeneity. 

Keywords: Aluminum scrap, high energy milling, Nano pigment, metallic paint 

1.  INTRODUCTION 

In recent days, researches have been developing the capacity of recycling materials. The importance of these 

studies is the amount of waste generate by the society. It was developed different ways to reuse these wastes 

and contribute to the society and environment. The recycling of materials like aluminum reduces waste, save 

energy, provides revenues for recyclers and protect the environment [1]. The source of aluminum could be 

cans, automotive components, plates, windows frame etc. There is relevant growing of investment in recycling 

of aluminum cans from different type of industries like juice, soft drink and beer. In addition, recycling of 

aluminum cans have an important social role, generating employment in companies like logistic, materials and 

outsources [2]. One of the most advantages of aluminum is the capacity of recycling repeatedly, keeping the 

original properties [1]. Another relevant advantage of recycling aluminum is the reduction of mining exploration 

that produce damage outputs for the environment [3]. 

Recycling of aluminum has been studied hardly to explore all advantages possible. To begin the process of 
recycling, it is required the preparation of materials eliminating impurities. So it is necessary to remove any 

ferrous metal [1]. After this, the aluminum is ready to be transformed in a news product.  

One product that has been used in large scale is the metallic paint that can be manufactured by pigment based 

on recycling aluminum. This kind of pigment provides long-term corrosion protection for the surface expose to 

aggressive environments. In addition, this metallic pigment could have specific characteristic as waterproofing 

[4]. The corrosion of structure is responsible for a lot of damages, generating losses like reduction of durability, 

necessity of maintenance and risk of accident [5]. Thus, technique to avoid corrosion is very important for any 

kind of process. 

Considering these advantages, there are a lot of investment and researches to development of metallic 

pigments. The idea of manufacture metallic pigment based on recyclable aluminum involves two relevant 
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issues: evolution of surface technology and sustainable processes. The metallic paint works as a barrier, 

protecting the surface and mitigating the corrosion [5]. 

2. EXPERIMENTAL PROCEDURE AND MATERIALS 

The main raw material used in this research was aluminum from recyclable cans. In addition, the titanium 

dioxide can include more covering properties for the pigment. Titanium dioxide is regularly used to production 

of pigment due to protection of surface from UV degradation and it is inert photochemically in specific crystalline 

structure, the rutile [6]. 

This research has focused on the development of metallic pigment based on aluminum scrap by high energy 

milling process. The reason of this paperwork was the production of pigment that provides high capacity of 

protection for different type of surface [7].  

The development of the pigment includes different steps. Firstly, aluminum from cans has been cut out in small 

pieces (about 10x10mm) by a regular scissors. The aluminum material should be cut to optimize the milling 

process. The pieces of aluminum scrap were submitted to high energy milling. The powdered aluminum was 

obtained by processing the aluminum material in the stainless steel container with 3 L of capacity and filled by 
2.5kg of steel ball with 10mm and 5mm of diameter as shown in Figure 1. This step was necessary to obtain 

powdered aluminum. The parameters of this step (first milling) were 1200rpm during 2 hours. The powder 

resulting from first milling was submitted to an additional high energy milling using different parameters of 

rotation and time. The second milling was done to acquire the flake, ideal morphology for the pigment. The 

rotation was reduced to 300rpm during 1 hour to obtain the flake morphology. The flake was analyzed by 

Scanning Electron Microscopy (SEM) to evaluate the morphology. 

 

Figure 1 High energy mill 

Two further milling was conducted in planetary mill to obtain the flake in micro and nanodimentions. The reason 

of this additional milling was the increase of anti-corrosion properties. Nanoparticles can prevent the direct 

contact of the corrodent with the surface [8]. The powder reduction was reached by the planetary milling using 

ethil alcohol 95% as additive. The proportion of the alcohol was about 5% of the container volume. This additive 

was able to control cold fusion generating the reduction of the particle [9]. The parameters used in planetary 

milling were 159 rpm during 2 hours and 200 rpm during 1 hour. 

To evaluate the evolution of the material, it was collected the pigment from the planetary mill every 30 minutes. 

All results were analyzed by Scanning Electron Microscopy (SEM) to confirm the morphology of the aluminum 

powder. To conclude, the pigment was added in epoxy resin and some additions to verify the paint’s properties. 

The paint was manufactured in a high rotation mixer and applied in metal surface previously prepared by 

sanding. The preparation of surface implies to obtain mechanical bonds through roughness and cleaning. The 
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cleaning is necessary to remove impurities such as contaminants and oxidations. The roughness is responsible 

for increasing of contact surface and adherence [10].The pigment was diluted in resin epoxy in the proportion: 

70% resin and 30% pigment. The preparation of paint has involved pre-mixing, dispersal and completeness. 

These processes are necessary to guarantee the quality of paint and homogeneity. [11,12]. In addition, it was 

added 35cm³ of catalyst to finish the manufacture of the paint.  

3. RESULTS AND DISCUSSION 

3.1.  Pigment 

Aluminum was chosen because of the high ductility that can transform its morphology [13].This transformation 

can be done by specific parameter of high energy milling processes. To obtain covering properties, the 

particles are transformed in lamellar shape, the flake [13]. Thermogravimetric Analysis has shown that the use 

of aluminum as metallic pigment increases the resistance in terms of degradation. The aluminum provides 

reduction of weight loss [11]. In addition, high purity aluminum has been used in large class of metallic pigment 

due to better resistance of humidity and exterior environment result [16]. 

The Figure 2 shows up the powder’s morphology after the first milling process. This process was done to 

transform pieces of aluminum to powder. It is possible to analyze that the powder is not the flake yet. The 

format of particles is not lamellar and there is no covering property 

 

Figure 2 SEM image showing particles submitted to horizontal mill 

The Figure 3 shows the flake morphology of aluminum obtained by high energy milling. The reduction of 

parameters became the morphology of particles in a lamellar structure. This morphology is considered ideal 

for covering properties [13]. Previous experiments showed that the powder tends to change its dimensions in 

higher parameters. These changes cause losses of covering ability [11]. 

The use of reduced particle improves the performance of pigment such as abrasion resistance, hardness, 

strain-to-failure [14]. In addition, the nanopigment cans cover surface better than micro pigment [15]. 

The manufacturing of particles was done in two different parameters to evaluate the interference of the rotation 

in the morphology. The particle was evaluated in two different rotation. The analyses shows that the decrease 

of rotation can manufacture a better particles. In addition, it is possible to save energy. 

The Figure 4 shows the morphology of the particles submitted to 159 rpm in planetary milling during half hour 

with alcohol 95% as additive. It was possible to realize a considerable reduction of the size of particles. The 

additive was able to promote the reduction in the begin of the process. So it was concluded that this additive 

is really able to avoid the cold fusion in milling process. The analyzes in Scanning Electron Microscopy (SEM) 
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cannot measure the size of particles because of crowding, however it was possible to conclude that the milling 

process in planetary with the additive is able to reduce the size of particles about nano and microdimensions. 

The Figure 5 represents the aluminum flake from the previous milling submitted to 159 rpm during 2 hours in 

planetary milling. It was possible to analyze a considerable reduction of particles around nanodimentions. 

 

Figure 3 SEM image showing of the flake particles submitted to horizontal mill  

 

Figure 4 SEM image showing particles submitted to planetary mill 

 

Figure 5 SEM image showing particles submitted to palnetary mill 
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The Table 1 shows up the evolution of reduction of particles in planetary milling. It is possible to identify s 

particles of metallic pigment reduced after 2 hours of milling. So it was concluded that this process described 

can reduce the size particle according to the time of milling. 

Table 1 Size of particles collected from planetary mill in different time of milling 

Time of milling Rotation- 159 rpm 

30´ 13.22 µm 16.32 µm 21.5 µm 24.03 µm 

1h 9.41 µm 9.85 µm 11.64µm 15.62 µm 

1h 30´ 2.08 µm 3.16 µm 3.27µm 5.44 µm 

2h 860 nm 1.06 µm 2.77µm 3.74 µm 

3.2.  Metallic paint 

The analyses of the paint’s performance (pigment and resin epoxy) were done in a metallic surface. The paint 
has shown great adherence in surface as shown in Figure 6. In addition, it was observed a homogeneous 

dilution.   

 

Figure 6 Paint manufactured by metallic napigment and resin epoxy in sanding surface 

4. CONCLUSIONS 

In this study, it was investigated the influence of the additives and parameters of milling to manufacture 

pigments. The ideal morphology to produce pigment, the flake, was reached through reduction of parameters 

of milling such as rotation and time. After that, the particles were reduced to increase the anticorrosion 

performance of the pigment. The additional reduction was possible by using ethil alcohol 95% as additive, 

since this solvent prevents cold fusion during the milling. The experiments show that the parameter of milling 

and additive can reduce the size of particle according to this study. The analyses in Scanning Electron 

Microscopy (SEM) have evaluated the evolution of the reduction of the sizes. The pigment was diluted in epoxy 

resin to check its properties such as adherence and homogenous in metallic surface. To conclude, the main 

reason of this study was to produce pigment with high performance from recyclable material such as aluminum 

cans. 
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Abstract 

This paper deals with the influence of the EDM process parameters on the surface roughness of AlNiCo alloys. 

A BP 93L machine with an electronic generator was used to perform the machining. The workpiece was made 

of an AlNiCo alloy. Kerosene was used as a dielectric. During the EDM process, the parameters of current 

were changed. The impulse time and break time were also changed. The surface roughness and a 3D surface 

profile were measured. Roughness measurement was carried out using a Talysurf CCI Lite non contact 3D 

surface profiler. The analysis of the results was carried out with the Statistica 10 program. 

Keywords: Electrical discharge machining (EDM), AlNiCo alloys, suface roughness, 3D surface profile 

1. INTRODUCTION 

Modern technology development is associated with the emergence of modern construction materials. Along 

with new materials, it is necessary to develop methods used for their processing. Advances in material 

engineering caused the currently produced materials to be characterized by increasingly high strength 

properties, increased hardness, resistance to abrasion, etc. These materials are also characterized by lower 

unit weight and increased operating characteristics. High strength parameters, high hardness and wear 

resistance indicates that it is practically impossible or economically unjustified to process such materials with 

conventional methods. 

The progress in the development of construction materials has made conventional manufacturing technologies 

(with the use of typical cutting tools such as: milling cutters, drills, turning tools, etc.), insufficient to achieve 

satisfactory final processing results. As a result, new techniques have appeared, for example: plasma, laser 

[1], hardfacing [2], vibratory machining [3-5] and hydroabrasive machining (high-pressure waterborne jet) [6,7]. 

With the use of laser technology, it is possible not only to cut out various shapes, but also to weld elements, 

as well as to shape them geometricaly thanks to the material deformation. 

Erosion processing is included in the group of unconventional materials processing, among which one may 

distinguish: ECM (Electrochemical Machining) and EDM (Electrical Discharge Machining) [8-10]. 

2. ELECTRICAL DISCHARGE MACHINING (EDM) 

Electrical Discharge Machining is used to shape objects by removing material layers from the workpiece. 

Material removal occurs as a result of periodic spark discharges between the two electrodes (one electrode is 

the workpiece and the other electrode is the work electrode). This process takes place in a liquid working 

medium with dielectric properties. 

After reaching the appropriate value of the electric field strength and the border voltage between the 

electrodes, the electron emission from the cathode occurs. Electrons from the cathode collide with the atoms 

of the inter-electrode center, causing their ionization. A plasma channel is created. Its temperature can reach 

18 000 K. A gas bladder with a growing diameter is formed around the channel. As a result of the local 
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temperature increase, melting and partial evaporation of the micro-volume of the material occurs. Vigorous 

gasodynamic interactions cause the ejection of jets of liquid metal that solidify in the form of spherical balls 

[11]. 

Between the successive pulses there must be a break, necessary to deionize the working gap and to remove 

the erosion products from the processing zone. The described phenomena, in the course of spark erosion 

machining, is cyclical [12-14] 

The distribution of discharges on the surface of the workpiece is random. As a result of the discharges, the 

geometrical structure of the surface arises in the form of overlapping craters, which is typical for this method 

of processing [15]. The craters have dimensions of the discharges depending on the energy value (depending 

on the current, voltage against time profile and discharge time in the working circuit). 

In typical EDM machining applications, we can drill any shape in the workpiece that maps the shape of the 

working electrode. 

Microphotography surface after EDM process is show In Figure 1 

 

Figure 1 Microphotography surface after EDM process 

3. THE RESEARCH 

The aim of the research was the possibility of using the treatment for AlNiCo alloys processing and the 

influence of the EDM process parameters on the surface roughness of AlNiCo alloys. A BP 93L machine with 

an electronic generator was used to perform the machining. The workpiece was made of an AlNiCo alloy and 
paraffin was used as a dielectric. The BP 93L machine is shown in Figure 1. 

During the EDM process, the parameters of current were changed. The impulse time and break time was also 
changed. The amplitude of the current (Iw) was changed from 15 A to 35 A, the impulse time (ti) was changed 

from 100 μs to 300 μs, the break time (tp) was changed from 50 μs to 100 μs. 

 There were 9 experiments carried out in the research. Three parameters were changed and each of these 

parameters gave three different values. The experiment was planned with the use of the Statistica 10 software. 
The machine settings values for individual samples in the experiment are shown in the table (Table 1). 
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Table 1 Machine settings values for individual samples in the experiment 

Sample number Amplitude of the current, (A) Impulse time, (µs) Break time,(µs) 

1 25 300 50 

2 35 200 50 

3 35 300 100 

4 35 100 75 

5 15 300 75 

6 25 100 100 

7 15 200 100 

8 15 100 50 

9 25 200 75 

4. THE RESEARCH RESULT 

The surface roughness and a 3D surface profile was measured for all the samples. Roughness measurement 

was carried out using a Talysurf CCI Lite 3D non-contact surface profiler. The analysis of the results for all 

parameters was carried out with the Statistica 10 program. The Talysurf CCI Lite 3D non-contact surface 
profiler is shown in Figure 2. 

 

Figure 2 The Talysurf CCI Lite 3D non-contact surface profiler 

The examples of measurement results (the surface roughness) is shown in (Table 2). The amplitude of the 

current was 25 A, the impulse time was 200 μs and the break time was 75 μs. 

The examples of measurement results (the 3D surface profile) are shown in (Table 3). The amplitude of the 

current was 25 A, the impulse time was 200 μs and the break time was 75 μs. 
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Table 2 The surface roughness parameters for the ninth sample (I=25 A, ti=200 μs, tp=75 μs) 

The surface roughness parameters Value 

Rp (μm) - Maximum peak height of the roughness profile 32.0502 

Rv (μm) - Rp (μm) - Maximum valley depth of the roughness profile 18.6709 

Rz (μm) - Rp (μm) - Maximum height of the roughness profile 50.7211 

Rc (μm) - Rp (μm) - Mean height of the roughness profile elements 30.1778 

Rt (μm) - Total height of roughness profile 51.1079 

Ra (μm) - Arithmetic mean deviation of the roughness profile 9.1783 

Rq (μm) -Root-Mean-Square (RMS) Deviation of the roughness profile 11.3879 

Rsk -Skewness of the roughness profile 0.5919 

Rku - Kurtosis of the roughness profile 3.1697 

Rmr (%) - Relative Material Ratio of the roughness profile 1.0867 

Rdc (μm) - Roughness profile Selection Height difference 19.3132 

RSm (mm) - Mean Width of the roughness profile elements 0.1712 

Rdq (deg) - Root - Mean - Square slope of the roughness profile 35.5268 

Table 3 The 3D surface profile parameters for the ninth sample (I=25 A, ti=200 μs, tp=75 μs) 

The 3D surface profile parameters Value 

Sq (μm) - Root mean square height 19.9141 

Ssk (μm) - Skewness 0.1238 

Sku (μm) - Kurtosis 2.7214 

Sp (μm) - Maximum peak height 52.2346 

Sv (μm) - Maximum pit height 46.7593 

Sz (μm) - Maximum height 98.9939 

Sa (μm) - Arithmetic mean height 15.9829 

The 3D surface profiler for ninth sample is shown in Figure 3 (the amplitude of the current was 25 A, the 

impulse time was 200 μs and the break time was 75 μs). The polar roughness distribution for for the same 
samples is shown in Figure 4. 

 
Figure 3 The 3D surface profiler for ninth sample (I=25 A, ti=200 μs, tp=75 μs) 
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Figure 4 The polar roughness distribution for ninth sample (I=25 A, ti=200 μs, tp=75 μs) 

All measured parameters (the surface roughness and the 3D surface profile) were analyzed in the Statistica 
10 program. The Ra parameter dependance in the functions of parameters Iw, ti, tp is shown in Figures 5a, 
5b, 5c. The Sa parameter dependence in the functions of parameters Iw, ti, tp show on Figures 6a, 6b, 6c. 

   

a) b) c) 

Figure 5 The Ra parameter dependence (arithmetic mean deviation of the roughness profile)  

in the functions: a - ti, tp; b - Iw, tp; c - ti, Iw; 

   

a) b) c) 

Figure 6 The Sa parameter dependence (Arithmetic mean height) in the functions:  

a) - ti, tp; b) - Iw, tp; c) - ti, Iw; 

5. CONCLUSIONS 

Electrical discharge machining can be used to shape difficult-to-cut materials such as: cemented carbide, 

composite materials based on metallic binders, steels in hardened condition. The main limitation for electric 

discharge machining that determines its applicability is the electrical conductivity of the material. In the 

conditions of correctly running EDM process, the working electrode does not come into direct contact with the 

workpiece. The surface roughness after the EDM is undetermined - is random. The surface roughness 
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depends on the amplitude of the current and on the value of the pulse time and the break time. The increase 

of the value of the current, causes the energy of discharges and the depth of the craters to increase. The 

surface roughness depends on the pulse time too. With the increase of the value pulse time, the parameters 

of surface roughness increase. However, the current value still has the greatest impact on the surface 

roughness parameters. 
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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 dissimilar aluminium alloys (AW-5083 and AW-7020). 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 

aluminium 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 34dB 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), aluminium alloys, joining, welding parameters 

1. INTRODUCTION 

The interest growth of the ship designers in aluminium 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 aluminium 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 aluminium alloy used in shipbuilding is AW-5083 (AlMg4.5Mn0.7) alloy [1,2,3]. 

An alternative to these alloys could be the Al-Zn-Mg (7xxx series) alloys. They exhibit higher strength properties 

than the mechanical properties of Al-Mg alloys. 

Joining aluminium 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 aluminium to oxygen, the 

creation of high-melting (2060 °C) oxide Al2O3, high thermal conductivity, high thermal expansion of aluminium 

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 aluminium 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) [3]. 
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The method of 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]. FSW is a method of welding in a solid state of 

mainly aluminium alloys, copper alloys and stainless steels. 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 [5,6]. Using FSW it’s possible 

to join dissimilar alloys, what is very difficult or impossible using traditional methods. Constant development of 

this method and methods of monitoring the joining process results obtaining joints with the best possible quality 

[7,8]. 

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 [10]. 

Acoustic Emission is a passive non-destructive method. Its main advantages are: 

• 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 [10]. 

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 [8]. 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 - counts, 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 [10] 
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The aim of this study was to determine the possibility of monitoring the friction stir welding process using 

acoustic emission. AW-5083 and AW-7020 alloys sheets were joined by FSW method using different welding 

parameters. During optimization of welding process the acoustic emission was recorded and then analyzed. 

2. THE RESEARCH METHODOLOGY 

The study used EN AW-5083 H321 and EN AW-7020 T6 aluminium alloys. The chemical composition of the 
alloys is given in Table 1. 

Table 1 Chemical composition of 5083 and 7020 aluminium alloys (wt. %) 

Alloy 
Chemical composition [%] 

Si Fe Cu Mn Mg Cr Zn Ti Zr Al 

5083 0.195 0.18 0.09 0.662 4.745 0.111 0.042 0.025 0.037 The rest 

7020 0.30 0.35 0.10 0.24 1.30 0.14 4.70 0.08 0.07 The rest 

Butt joints of dissimilar aluminium alloys (AW-5083 and AW-7020) sheets were made using FSW. Sheets 

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 and 7020 alloys was used tool 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 and 7020 aluminium alloys sheets 

Kind of tool 

Tool dimensions Angle of tool 
deflection 

α 
[°] 

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 88.0 - 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 
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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 34dB and a sensor signal measurement AE, VS 150M, with a frequency range of 100 

- 450 kHz. The system includes a data recording module - 8MB 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. 

 

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 (α) 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 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 

counts, energy, RMS of the signal. The analysis of that parameters was made using Visual Vallen AE software. 
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Examples of graphs recorded in the tests for correct and incorrect joining parameters are shown in 
Figures 5, 6. For analysis were chosen parameters: amplitude, number of exceedances of the threshold of 

discrimination (counts) and RMS (Root Mean Square) of the signal, recorded during friction stir welding when 
the joining process was with stable conditions. Average value of chosen parameters are shown in Table 3. 

 

Figure 5 Chart of number of counts and their amplitude changing as a function of time, incorrect joining 

parameters, weld with defects 

 

Figure 6 Chart of number of counts and their amplitude changing as a function of time, correct joining 

parameters, weld without defects 

Table 3 Average values of chosen parameters recorded during welding with stable conditions 

Correctness of FSW process 
Amplitude 

[dB] 

Counts  

[ - ] 

RMS 

[µV] 

Incorrect parameters 97.2 10918 177.2 

Correct parameters 99.9 10542 22.2 

The research of acoustic emission, generated during friction stir welding of 5083 and 7020 alloys sheets, 

showed that there are significant differences in chosen AE parameters depend of correctness of joining 

process. Average values of signal amplitude and counts are at the same level. Significant difference was 

noticed in case of RMS of the signals - when the FSW process was incorrect compared to correct RMS 

increased approx. 8 times. 
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4. CONCLUSION 

Obtaining proper joint of dissimilar materials (e.g. 5xxx and 7xxx series alloys) using convetional welding 

methods is very difficult and needs special requirements [11]. Application of FSW method for joining dissimilar 

aluminium alloys sheets 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. 

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 that 

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. 

RMS of the signal allows to determine the correctness of the conducted process. In the case of joining AW-

5083 and AW-7020 alloys sheets, acoustic emission emitted during welding with incorrect parameters 

compared to correct parameters caused increasing the RMS of the signal from 22.2 µV to 177.2 µV. 
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Abstract       

The possible effects on the protective performance of zinc-rich paints (ZRP) modified by combination of Zn 

dust with Al paste were investigated using electrochemical noise analysis (ENA). The role of two different Zn 

contents was tested for two different ZRP formulations prepared with the same vol. % Zn:Al ratio as well as 

with the same binder and hardener types applied. The possible losses of protective performance of both ZRP 

were evaluated by means of EN measurements performed for tested coatings on steel substrate specimens 

during 168 hrs immersion test in 0.05 mole NaCl. Due to supposed changes of cathodic nature of steel surface 

with immersion time ENA was used to provide information about possible delaminated corroding area time 

development for tested coating/steel systems. 

Keywords: Zinc-rich paints, electrochemical noise analysis, ration Zn:Al 

1. INTRODUCTION 

Combination of Zn dust with aluminium paste in modified zinc-rich paints (ZRP) has been tested recently from 

the point of view possible effects on the protection performance of an epoxy based ZRP. At the same time it 

was demonstrated that Electrochemical Noise Analysis (ENA) used in immersion tests of these modified ZRP 

can be useful tool for study of these effects. After longer immersion time (168 hrs) in 0.05 mole NaCl it was 

found for this type of ZRP the barrier protection is dominant mechanism of protection. As convenient parameter 

for interpretation of ENA results was chosen low frequency noise impedance spectrum modulus of impedance 

(Z0.08Hz) considered being a good indicator of residual barrier properties of tested ZRP after exposure in 0.05 

mole NaCl. In fact, noise impedance spectrum characteristics (MEM curves) for this type of ZRP can be 

considered as not only providing information on loss of protective properties of tested ZRP but also on possible 

start of the underlying steel corrosion process. Similarity of MEM Noise Impedance Spectrum characteristics 

with simulated electrochemical impedance spectrum for which impedance analog for coated steel surface is 

accepted has recently provided an alternative interpretation of above mentioned characteristics. As with 

penetration of electrolyte into coating, a double layer forms at the disbonded region of the coating/steel 

interface and corrosion begins double-layer capacitance Cd value increases as delaminated corroding area Ad 

increases. It should be noted the possibility of using Cd variation for estimation of Ad variation at given time of 

exposure was already tested for different ZRP with Al additions.  

In present work we wanted to verify this approach for providing information on delamination kinetics of the 

underlying steel if similar type of ZRP is applied on steel substrate with aim to protect against corrosion during 

exposure in 0.05 mole NaCl. At the same time we wanted to demonstrate the possibility of using this approach 

for the study of the role Al particles in ZRP with different Zn content, in which during exposure to the corrosive 

electrolyte different time development of Ad is expected. Apart of EN measurements more advanced 

microscopic method were used for metallographic analysis of tested coatings after immersion tests. EDX 

mapping and structure (SEM - SE image) of cross-sections were chosen for this purpose.     
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2. EXPERIMENTAL 

Two types of ZRP were prepared using Zn and Al pigments (see Table 1) with the different overall pigment 

volume concentration (OPVC) and the same vol. % Zn:Al ration. 

Table 1 Characteristics of tested ZRP with Al additions 

sample  
OPVC 
(vol%) 

Zn:Al ratio  
(vol%) 

Filler Binder Hardener 

AKAl 110 55 94:6 Alum.Stapa 2NL Epikote 1001 Epicure 3115 

AKAl 111 60 94:6 Alum.Stapa 2NL Epikote 1001 Epicure 3115 

Zinc dust used for preparation of coatings was 4P16 (supplied by UMICORE Zinc Alloys and Chemicals Co.). 

In combinations with Zn dust aluminium paste Aluminium Stapa 2NL (supplied by ECKART GmbH) and the 

same type of binder and hardener (supplied by Momentive Co.) were used. 

Both tested ZRP were applied by spreader bar to steel C4Q panels previously polished and degreased. The 

average thickness of dry film was 55 μm for both coatings.  

Immersion tests using ENA for tested coatings on steel substrate specimens were performed with use of the 

same experimental set-up as described earlier [2]. The potential and current noise (ENP and ENC) values (for 

given data set measured for given immersion time) were collected for measurement periods of 600 s with 

sampling rate of 20 Hz (12 000 points for period) using GAMRY ESA 410 software. Data treatment in frequency 

domain (MEM Noise Impedance Spectrum characteristics providing Cd values) was used for estimation of 

instantaneous Ad values at given times of exposure in 0.05 mole NaCl. For this purpose Ad (t) can be estimated 

from Cd values measured at given time t (μF) by means of empirical equation Ad = Cd (t)/20 if 20 is the typical 

value of the bare steel double-layer capacitance adopted to estimate the underlying metallic active surface 

(μF.cm-2) [3]. 

3. RESULTS AND DISCUSSIONS 

11 measurements were performed on type specimen AKAl110 as well as on type specimen AKAl 111 during 
uninterrupted immersion tests performed on steel panels coated by tested ZRP. Table 2 lists the parameters 

obtained by mentioned approach to analysis of 11 sets of ENA data for AKAl 110 and AKAl 111. These 

parameters included instantaneous Cd and Ad values estimated for given immersion times. 

Due to very dynamic changes of cathodic nature of steel surface with immersion time, the average delaminated 

corroding area (Ad,av) time development in 168 hrs exposure of tested ZRP to 0.05 mole NaCl was chosen for 

evaluation of delamination kinetics of the underlying steel. Ad,av development with immersion time in immersion 
tests using ENA and performed on tested steel/paint systems can be seen in Figure 1.  

From Figure 1 can be seen the relative performance of systems AKAl 110 and AKAl 111 in contact with test 

electrolyte is very different. As for AKAl 110 it is shown trough rather slow corrosion process observed after 
48 hrs of immersion higher resistance to water and corrosive species permeation is expected for this type of 

ZRP. This is probably associated with slow zinc self-corrosion which occurs at very low rates and over rather 

small delaminated area (Ad,av ≈ 2.50 . 10-4 cm2) of the active zinc particles. In spite of the fact, this parameter 

started to show small degree of progressive deterioration for the system AKAl 110. In the end of the test 

average delaminated corroding area for AKAl 110 was almost 20 times smaller than in the case of system 

AKAl 111. It is obvious that in the opposite to AKAl 110 higher degree of progressive deterioration observed 

for AKAl 111 can be probably associated with significant degree of coating film blistering and massive amounts 

of voluminous zinc corrosion products precipitation inside of coating. It can be these products which provide a 
mechanical driver for adhesion loss enhancing delamination. 
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Table 2 Instantaneous Cd and Ad values for AKAl 110 and AKAl 111 after different immersion time 

Immersion time t 
(hrs) 

AKAl110 AKAl 111 

Cd (F) Ad (cm2) Cd (F) Ad (cm2) 

0-0.17 2.90 . 10-8 1.45 . 10-3 4.37 . 10-8 2.18 . 10-3 

5 3.00 . 10-8 1.50 . 10-3 2.86 . 10-8 1.43 . 10-3 

24 4.94 . 10-8 2.47 . 10-3 2.03 . 10-7 1.01 . 10-2 

29 9.80 . 10-8 4.90 . 10-3 3.08 . 10-7 1.50 . 10-2 

48 7.73 . 10-8 3.90 . 10-3 1.08 . 10-5 5.40 . 10-1 

53 1.60 . 10-8 8.00 . 10-4 4.88 . 10-8 2.40 . 10-3 

72 1.94 . 10-7 9.70 . 10-3 3.06 . 10-6 1.53 . 10-1 

77 5.19 . 10-7 2.60 . 10-2 1.28 . 10-7 6.37 . 10-3 

96 4.66 . 10-8 2.33 . 10-3 5.05 . 10-6 2.52 . 10-1 

101 3.55 . 10-7 1.77 . 10-2 2.27 . 10-8 1.13 . 10-3 

168 9.84 . 10-7 4.90 . 10-2 5.10 . 10-6 2.55 . 10-1 

 

Figure 1 Time development of Ad,av values in 168 hrs exposure 

At the same time can be supposed this high degree of system deterioration can be associated with localized 

anodic reactions on steel which can drive oxygen reduction adjacent to the attack leading to cathodic 

degradation of the adhesive bond due to generation of OH- at steel surface. It should be noticed that for AKAl 

110 cathodic degradation of the adhesive bond can be decreased in the presence of Al particles just only 

through the decrease of the rate of the oxygen diffusion into the coating/steel interface [4]. In this case Al 

particles work as active pigment according to Eq. (1): 

4 Al + 3 O2 + 4 OH- → 4 AlO2- + 2 H2O           (1) 
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According to it, it seems in the case of AKAl 110 that Al particles can work as active pigment only in the case 

of lower Zn content (i.e. slow zinc self-corrosion associated with high resistance to water and corrosive species 

permeation). By this way, low susceptibility of AKAl 110 to delamination (when compared to AKAl 111) can 

probably be explained. In accordance with it, neither blistering, nor distribution of localized regions of 

electrolyte penetration and certain “hot spots” existence (where Cl- ions penetrate the coating to its base) can 

be observed for AKAl 110 when compared with AKAl 111 if metallographic analysis has been performed after 
the test (see Figure 2 and Figure 3).      

 

Figure 2 EDX mapping and structure (SEM-SE image) of cross sections for AKAl 110 after 168 hrs of 

exposure in 0.05 mole NaCl 

 

Figure 3 EDX mapping and structure (SEM-SE image) of cross sections for AKAl 111 after 168 hrs of 

exposure in 0.05 mole NaCl 
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At the same time reasonable good correlation with mentioned above conclusions was found when MEM Noise 

Impedance Spectrum characteristics of tested coating (MEM curves) estimated in the end of test were 
compared (see Figures 4 and 5).  

 

Figure 4 Noise impedance spectrum (MEM curve) for AKAl 110 after 168 hrs of exposure  

 

Figure 5 Noise impedance spectrum (MEM curve) for AKAl 111 after 168 hrs of exposure  

It is obvious that for AKAl 110 high Z0.08Hz value can be attributed to low susceptibility of this system to 

delamination whereas for AKAl 111 much lower Z0.08Hz can correspond to rather significant degree of blistering 

and delamination mentioned above. These observed differences can be also caused by formulation of AKAl 

111 in which overall pigment concentration (OPVC) is probably over overall critical pigment volume 

concentration (OCPVC). 

4. CONCLUSION 

For two different ZRP modified by Al additions the role of Al particles in ZRP with different Zn content on 

delamination kinetics of underlying steel was explained using modified approach to analysis EN data obtained 

during immersion tests in 0.05 mole NaCl. The results obtained can be applied to elucidate differences in 

blistering process and extent of delamination expected for different formulation of this type of ZRP.  
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Abstract  

The paper introduces the results from experiments for surface quench hardening by hollow cathode arc 

discharge in vacuum. The used method is an alternative to traditional laser and plasma methods for surface 

hardening. The paper presents the influence of the working parameters and the following tempering on the 

microstructure, dimensions and hardness of the hardened surfaces. 

Keywords: Vacuum technology, surface heat treatment, hollow cathode arc, surface melting 

1. INTRODUCTION 

Surface quench hardening allows attaining high physical and mechanical properties of the surface layers and 

to retain unchanged those of the bulk of a product. Induction hardening, flame, plasma and laser hardening 

are carried into practice [1], the latter two being widely used for hardening of tools surfaces when the hardening 

has to be carried out without melting in order to keep the dimensions of tools. According to, intensive plasma-

arc treatment leads in most cases to partial or full surface melting, and especially in high-carbon and high-

alloyed steels forms large amounts of retained austenite with relatively low hardness. The possibilities for 

reducing retained austenite amount are related to several processes: cryogenic hardening, high-temperature 

tempering and deformation induced transformation. Hollow cathode arc discharge (HCAD) is a possible 

alternative to above described energy sources, used for surface hardening. HCAD is a high-current, low-

voltage electron beam with gas autofocus and by its nature it occupies an intermediate position between the 

electron beam and plasma-arc. HCAD is stable at current magnitudes between 5 and 500 А, working pressures 

(1 ÷ 10-2) Ра and debit of the plasma-forming gas 0.3 ÷ 3.0 mg/s. The maximum of the heat flow density in the 

heated zone is within 5.103÷105 W/cm2, and that makes it one of the most effective energy source, only laser 

and electron beam being more effective [2-4]. 

HCAD is mainly used for welding, overlay welding, brazing and soldering. Nevertheless, in the specialized 

literature information about its use for heat treatment and the possible results from it is missing. The purpose 

of the present work is to investigate the possibility for surface heat treatment of tool steel X210Cr12 with hollow 

cathode arc discharge in vacuum, and the influence of the working parameters on the hardness of the treated 

surfaces, as well as the effect of the next heat treatment on the hardness and heat-resistance of the treated 

surfaces to be established. 

2. MATERIALS AND METHODS 

The present work introduces results from experiments for surface hardening by HCAD in vacuum. The 

experiments were carried out in a semi-industrial installation [5]. The hardened layers were produced in two 

ways - 1) using multi-pass melting and 2) melting by discharge scanning on the treated surfaces, controlled by 

magnetic system. In the first case, the treated items were moved in a straight line along the X-axis with a fixed 

speed, and at the end were shifted by 2.0 mm, 2.5 mm and 3.0 mm along the Y-axis, afterwards were again 

moved along X-axis. As a result, hardened surfaces composed by overlapping hardened layers were formed. 

In the second case, besides movement along the X-axis, the discharge was oscillating along the Y-axis/normal 

to the X-axis. The discharge oscillations were controlled by a magnetic system that allowed to alternate the 
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frequency and the oscillations magnitudes of the discharge, and that way hardened areas, differing in width 

and in overlapping, were produced. The magnetic system and its electrical control scheme are described in 

[6]. Specimens from X210Cr12 steel were studied. The hardness of the as-received steel was HV1 ≈ 210. The 

specimen dimensions were 100х80х10mm (length x width x height). The used working parameters are 
presented in Table 1. The pressure was 3 Ра, the diameter of the hollow cathode was 3.5 mm, and the debit 

of the plasma - forming gas, flowed through the cathode, was 2.5 l/h. 

Table 1 Working parameters for surface hardening 

Hardening mode Current, A 
Rate of movement along the X-

axis, mm/s 
Scanning frequency, 

Hz 
Total discharge deviation, 

mm 

Using multi-pass 
melting 

100 11 - - 

Using discharge 
scanning 

120 3.3 1; 2; 3; 4 8-10 

After multi-pass melting the shifted by 2.0 mm specimen was intense cooled to 10°С in inert gas, and the 

shifted by 2.5 mm and 3.0 mm specimens were air-cooled to room temperature. After the treatment with 

scanning discharge all samples were intense cooled in inert gas to 10°С. To increase hardness and to 

investigate heat-resistance two specimens - one, produced by multi-pass treatment with shift of 2.5 mm and 

one, obtained by discharge scanning with frequency of 4 Hz, were heated to different temperatures in the 

range of 300 - 650°С, held for 2 h and then air-cooled. The dimensions of the formed zones and their hardness 

were measured on macrosections, etched with 10% HNO3 in ethanol. The hardness measurement was carried 

out in the melted zones. The microstructures were investigated after etching with 4% HNO3 in ethanol using 

magnification of 500x. 

3. RESULTS AND DISCUSSION 

Zones with changed structure, similar to those formed after welding, were observed on specimens’ 
macrosections after multi-pass melting (Figure 1). The observed decrease in the depth of the individual zones 

with increase in the number of passes (Table 2) was in correlation with the extent of overlapping of the 

individual zones, i.e. with the shift of the treated specimens. As the results in Table 3 show, the treatment with 

hollow cathode arc discharge with multi-pass melting led to surface quench hardening. That effect was more 

prominent for the intense cooled to 10°С (2.0 mm shift) sample. 

       
a)      b) 

Figure 1 Macrosections of the treated samples: a) with 2.0 mm shift; b) with 3.0 mm shift 

Table 2 Dimensions of the hardened zones after multi-pass melting 

Shift 1st pass depth, mm 2nd pass depth, mm 3rd pass depth, mm 4th pass depth, mm Total width, mm 

2.0 mm 0.91 0.9 0.44 0.51 9.23 

2.5 mm 0.75 0.72 0.70 0.36 9.38 

3.0 mm 0.63 0.63 0.52 - 8.57 
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The higher hardness of the intense cooled to 10°С sample (2.0 mm shift) was result of the difference in the 

final cooling temperatures. The final cooling temperatures affected the degree of martensitic transformation, 

i.e. the retained austenite quantities. Thus the higher hardness values for the specimen quenched to 10°С 

indicated martensitic transformation that occurred to a greater extent, and hence - for a smaller retained 

austenite quantity. 

Table 3 Mean hardness values of the different zones of treated surfaces after multi-pass melting 

Shift 1st pass HV1/HRC 2nd pass HV1/HRC 3rd pass HV1/HRC 4th pass HV1/HRC 

2.0 mm 861/65.9 832/65.0 857/65.8 785/63.5 

2.5 mm 608/55.5 568/53.3 536/51.6 530/51.2 

3.0 mm 628/56.8 633/77.0 623/56.5 - 

The cooling conditions for air-cooled specimens allowed more retained austenite in their structure; and this is 
evident from Figure 3 that represents the microstructures of the melted, partially melted and the heat-affected 

zones in air-cooled specimen (2.5 mm shift) after multi-pass melting with HCAD and quenching. The melted 
zone was with fine columnar dendritic (Figure 2a) with austenite dendrites extending from the partially melted 

zone to the surface. That structure is typical for high-speed crystallization following the melting with highly 

concentrated heat flows [7]. Etching revealed primary austenitic dendrites and eutectic between them. 
Austenite, formed during rapid solidification, is supersaturated in carbon and chromium; that plays a crucial 

role in austenite stabilization at room temperature. According to [8, 9] in rapidly solidified high-chromium tool 

steels metastable supersaturated austeinite is present at room temperature; and up to 60% of retained 

austenite in high-carbon steels after quenching is not transformed [10]. The measured hardness values of 55.5 

HRC suggested some austenite did transform into martensite. The volume fractions of the different phases 

could not be precisely established. The microstructure of the partially melted zone after surface heat treatment 

contained retained austenite, martensite and incompletely dissolved carbides. Retained austenite quantity 
decreased towards the heat affected zone. The heat-affected zone (Figure 2b) contained martensite with 

varying carbon and chromium concentration and carbides in altering quantities. Due to temperature in the base 

metal being lower than the typical quenching temperature for X210Cr12 (960-980°С), the martensite carbon 

content was lowered and the measured hardness value of 51-53 HRC in the heat-affected zone was lower 

than the one in the melted zone. 

       
a)         b) 

Figure 2 Microstructures x500 of: a) the melted zone; b) heat-affected zone in the air-cooled specimen (2.5 

mm shift) after quenching 

Macrosection observations (Figure 3) and dimensions of the formed zones (Table 4) after treatment by 

discharge scanning indicated a tendency for increase in depth and decrease in width of the formed zones with 

increasing scanning frequency. That tendency point to heat concentration in smaller surface areas during 

melting with higher scanning frequencies. Nevertheless, that did not influence significantly the measured 
hardness values, as shown in Table 4. 
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a)       b) 

Figure 3 Macrosections of the treated by discharge scanning specimens: a) 1Hz; b) 4 Hz 

Comparing depth of the melted zones of the samples treated by discharge scanning with the depth of the 

intense cooled to 10°С multi-pass melted sample (2.0 mm shift) showed formation of deeper zones with 

changed structure after first and second passes of melting. That was indicative for higher heat concentration 

when the melting was carried out without discharge scanning and 2.0 mm shift of the sample. In consequence, 

the cooling rate was higher. Thus, the highest hardness value for the specimen treated by multi-pass melting 

with 2.0 mm shift was measured. The hardness values of the two tempered samples (the one, treated by multi-

pass treatment with shift of 2.5 mm and the other, treated by discharge scanning with frequency of 4 Hz) are 
presented in Table 5, and are compared to values found in the literature (Figure 4). Up to tempering 

temperatures of 520÷530°С the measured hardness values for the air-cooled specimen (2.5 mm shift) were 

lower than those for the intense cooled to 10°С (4 Hz). That resulted from the higher retained austenite amount 

in the former due to the higher final cooling temperature after melting. Practically equal hardness values were 

measured after tempering at temperatures of 520÷530°С for both specimens. Initially, a small hardness 
decrease at temperatures below 500°С was observed for both specimens; it was provoked by the well-known 

processes of the first tempering stage. Afterwards the hardness was increased by secondary hardening, with 

maximum hardness values at tempering temperatures of 520°С. The air-cooled specimen (2.5 mm shift) 

demonstrated larger hardness increase as the secondary hardening process concurred with retained austenite 

transformation. Tempering temperatures, higher than 550°С, resulted in rapid carbides coagulation and thus, 
in hardness decrease as shown in Figure 4 and in Table 5. 

Table 4 Dimensions and mean hardness values in transverse direction of the melted zones of treated  

    by discharge scanning samples 

Scanning frequency, Hz Depth of the melted zone, mm Widht of the melted zone, mm HV1(HRC) 

1 0.49 9.88 770 (62.9) 

2 0.54 9.09 750.2 (62.1) 

3 0.64 8.23 770.8 (63) 

4 0.8 7.18 756.8 (62.4) 

Table 5 Mean hardness values after tempering at different temperatures 

Specimen 

HV1/HRC 

After 
quenching 

300°С 400°С 500°С 520°С 530°С 540°С 550°С 560°С 600°С 650°С 

cooled to 
10°С (4 Hz 
scanning) 

756.8/ 

62.4 

720/ 

61 

720/ 

61 

772/ 

63 

786/ 

63.5 

772/ 

63 

733/ 

61.5 

613/ 

56 

595/ 

55 

544/ 

52 

490/ 

48 

air-cooled 
(2.5 mm 

shift) 

568/ 

53.3 

544/ 

52 

595/ 

55 

720/ 

61 

767/ 

62.8 

762/ 

62.6 

720/ 

61 

643/ 

57.5 

583/ 

54.5 

544/ 

52 

497/ 

49 

The microstructures of the different zones in air-cooled specimen (2.5 mm shift) after tempering at 520°С are 
shown in Figure 5. The temperature increase to 520°С led to significant increase in carbon and chromium 

atoms mobility and precipitation of disperse special carbides. This resulted in hardness increase in the melted 
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zone, as shown in Figure 3 and in Table 6. The hardness increase was also due to retained austenite 

transformation and martensite formation. The microstructural changes after tempering in the partially melted 

zone and in the heat-affected zone were similar, but the hardness increase was smaller. That was due to: 1) 

the lower retained austenite quantities and 2) the lower concentration of alloying elements in martensite, that 

resulted in (Fe ,Cr)7C3 carbides formation. The measured hardness values were 64-65 HRC in the partially 

melted zone and up to 51-52 HRC in the heat-affected zone. 

 

Figure 4 Specimens hardness after tempering at different temperatures compared to X210Cr12 hardness 

data, found in the literature (adopted from [11]) 

     
a)      b) 

Figure 5 Microstructures x500 of: a) the melted zone; b) partially melted zone; c) heat-affected zone in the 

air-cooled specimen (2.5 mm shift) after tempering at 520°C 

4. CONCLUSIONS 

Based on the results of the experiments in this study, the surface melting of X210Cr12 tool steel with hollow 

cathode arc discharge can be used as a process for surface hardening. 

The following findings of this research can be summarized: 

1) Hollow cathode arc discharge treatment in vacuum, using multi-pass melting or melting by discharge 

scanning, allows to obtain surface hardened zones. 

2) Increasing the number of melting passes decreases the depth of the hardened zones and that is in 

correlation with overlapping extend. 

3) Discharge scanning frequency influences the dimensions of the hardened zones: increasing scanning 

frequency has tendency to increase the depth and decrease the width of the zones. 
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4) The different final cooling temperatures after melting of X210Cr12 tool steel by hollow cathode arc 

discharge determine significant differences in hardness values after quenching. The intense cooling to 

lower temperatures is related to higher martensite amount and higher hardness after quenching. 

5) After melting by hollow cathode arc discharge and cooling - intense to 10°С or in air to room temperature 

- the microstrucutre consists of martensite, retained austenite and special carbides. 

6) Tempering at 520°С and 530°С increases the hardness of X210Cr12 up to 64-65 HRC, regardless of 

the final cooling temperature after quenching. 

7) The studied process for surface hardening increases the heat-resistance of X210Cr12 tool steel from 

480°С to 530°С. 
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Abstract 

The steel structure segments with HDG coatings are subject of another processing before steel structure 

assembly and usage. The parameters of these processing’s may affect the adhesion of zinc layer - mainly the 

cutting edges and surface preparation as sweeping. The paper presents some results of practical study of 

these parameters.  

Keywords: HDG coating, adhesion of coating, processing parameters 

1. INTRODUCTION 

It is commonly known that the chemical composition and surface conditions of steel, mass of steel structure 

segment and hot dip galvanising conditions may affect the quality of zinc coating, mainly appearance, 

thickness, structure and physico-mechanical properties of coating. Information can be found in standard EN 
ISO 14713-2 Zinc coatings - Guidelines and recommendations for the protection against corrosion of iron and 

steel in structures - Part 2: Hot dip galvanizing which is under revision now. 

The common practice for providing long-term durability of zinc coatings is application of paint systems. The 

best adhesion of paint systems can be achieve on zinc coating with suitable anchoring profile - roughness. 

The recommended technology for creation of fine rough surface is the so called sweeping. But this process 

may affect the zinc coating adhesion too. 

The paper gives some results of case studies related to the HDG coating adhesion.. 

2. THE EFFECT OF CUTTING TECHNOLOGY ONTO ZINC COATING QUALITY 

The steel segments used for steel structures must be prepared by cutting. In past, ca 20 years ago, the cutting 

technology was based on using hydraulic or eccentric drop shears - the cutting edge was formed at a high 

speed, in a cold cutting process, with burrs which had to be removed by grinding. There were no thermos-

physical structural changes, no changes in chemical composition or changes in the material characteristics 

occurred at the point of cutting: i.e., there was no heat-affected area (HAZ) with its typical properties. The 

physical principle of hot-dip galvanizing with the diffusion transition and the formation of characteristic 

intermetallic phases took place on the cutting edges so formed, just as on the other free surfaces of the rolled 

material. 

At present, due to high productivity and efficiency, the producers of steel structures have switched to 

technologies such as plasma, laser or hi-tech precise oxygen steel cutting. It brought along a step and 

thermally very steep effect on the cut surface within a relatively small depth (see the text below), inherently 

associated with its physical principle; the relevant area is further referred to as the heat-affected zone (HAZ) - 
Figure 1. In this case the HAZ is 100 - 150 μm. The metal in the heat affected zone (HAZ) undergoes a thermal 

cycle, which leads to significant micro- structural modifications [1]. 
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Figure 1 Heat-affected area of plasma cutting 

The HAZ width depends on temperature and rate of cutting technology: 

• OAB - energy 107 W.m-2, temperature 1050-1380°C, 

• plasma - energy 1011 W.m-2, temperature 10 000°C, 

• laser - energy 1015 W.m-2, temperature 1200°C. 

With reducing width of beam the HAZ width increases but with increasing rate the HAZ width is reduced.  E.g. 

during plasma cutting the material is heated in HAZ to the temperature of phase transformation in Fe-C diagram 

- ferrite-perlite structure changes onto martensitic structure with different hardness till 0.5 - 0.8 mm depth from 

surface [2]. The zinc coating formed on these surfaces has non typical properties (thickness, structure) and so 

standard EN ISO 14713-2 recommended removing this layer. In HAZ the γ phase of zinc coating does not 

create to obtain basic adhesion of zinc coating to steel. The hardness of steel in HAZ on cut edges is higher 

than 400 HV10 (steel with carbon equivalent CE ≥ 0.4 %) which means it does not fulfil requirement from EN 
1090-2 Execution of steel structures and aluminium structures - Part 2: Technical requirements for steel 

structures specifying maximum allowed hardness 380 HV10. Defects of zinc coating on cut edges is shown 

on Figure 2 illustrating that two edges treated by different technology have other adhesion. 

  
Figure 2 The example of zinc coating on cut edges 
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There were performed some test of steel surface preparation of cut edges guaranteed to obtain zinc coating 

with required properties - abrasive blasting, chemical pickling, etc. [3]. The test of grinding of cut edges onto 

zinc coating properties was performed on flat samples with thickness 12 and 20 mm from steel with chemical 
composition correspond to class B (Sebisty steel) according to EN ISO 14713-2 - Table 1 which had been cut 

by laser with two different rates (Figure 3). Following grinding of cut edges led to decreasing of hardness with 

higher reduction (0.3, 0.6, 0.9, 1.2 and 1.5 mm).  

The hardness of cut edges was measured by Time Hardness Tester TH 130 and by Microhardness Tester 
FM-700, Future-Tech Corp., aaccording to standard EN ISO 6507-1 Metallic materials - Vickers hardness test 

- Part 1: Test method on all 4 edges - Figures 3 and 4. The samples had been galvanised in the same 

conditions and zinc coating properties had been evaluated - appearance, thickness and adhesion.  

Table 1 Steel composition of samples (wt. %) 

Thickness 
(mm) 

C Mn Si P Cu Ni Cr Mo V Ti Al N 

12 0.19 1.41 0.18 0.012 0.06 0.04 0.04 0.005 0.005 0.005 0.034 0.006 

20 0.15 0.59 0.19 0.017 0.01 0.01 0.03 0.001 0.002 0.003 0.032 0.007 

a  

b  

Figure 3 The example of cut edges - laser cut (a) and grinded (b) 

The results show that the lower rate of laser cut more effect the cut edge but neither on these cut edges the 
hardness did not exceed the maximum allowed hardness for galvanising - 380 HV (Figure 4a). The higher 

effect was found for thin samples when temperature is higher. Just after the first reduction of 0.3 mm the 

hardness value had been decreased for 50 % and was measured in range 120 to 180 HV.  

The microhardness values are significantly higher, but all other trends are same as for hardness measurement. 

In case of thin samples the microhardness was higher than maximum allowed value - it was ca 440 HV  
(Figure 4b).  

Even though the chemical composition of samples is nearly the same the appearance of zinc coating are 

different. Zinc coating on thin samples has practically on whole surface “mottled” appearance. Zinc coating on 

thick samples is gloss and rough.  

The thickness of zinc coating on samples is given in Table 2. The thickness of zinc coating on cut edges was 

in range 50 to 60 μm and on sample area was relatively the same without respect to sample thickness and 

was in range 220 to 240 μm. In the majority of cases the coating thickness was the same on cut edges after 

grinding of HAZ - 220 to 240 μm. The differentiation between depths of grinding is not significant. 
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Figure 4 The decreasing of hardness and microhardness of cut edges after  

grinding reduction 

Table 2 Thickness of zinc coating on samples 

thickness of sample 
(mm) 

location 
Coating thickness (μm) 

average minimum maximum 

12 area 239 232 248 

 cut edge   56   51   63 

20 area 225 170 286 

 cut edge   60   53   70 

The adhesion of zinc coasting was tested by impact test (ASTM A123 Standard Specification for Zinc (Hot-Dip 

Galvanized) Coatings on Iron and Steel Products (removed in 1989 edition) and DIN 50978 Prüfung 

metallischer Überzüge; Haftvermögen von durch Feuerverzinken hergestellten Überzügen (Testing of metallic 

coatings; adherence of hot-dip zinc coatings) [4]. The appearance of samples after test is on Figure 5. The 

effect of grinding was in the most cases negative - the adhesion of zinc coating was poor. The higher effect 

then hardness of HAZ of surface has the profile of cut edges. The cut edge without grinding had “anchoring” 
profile for zinc coating adhesion - see Figure 2.  
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sample 12 mm 
zinc coating in area - „mottle“ appearance, 240 μm 
                                   poor adhesion 
cut edge - lower rate cutting, no grinding 
zinc coating on edge - 55 μm, good adhesion 

sample 20 mm  
zinc coating in area - rough appearance, 225 μm 
                                   acceptable adhesion 
cut edge - lower rate cutting, no grinding 
zinc coating on edge - 60 μm, good adhesion 

  
 

  

Figure 5 The example of adhesion test 

3. THE EFFECT OF SURFACE TREATMENT ON ZINC COATING ADHESION 

The low adhesion of zinc and paint coating after sweeping of zinc coating was identified in past for columns of 

auxiliary structures and the defect was ascribe to the non-suitable chemical composition of steel substrate as 

the appearance, thickness and structure of coating show to this factor [5]. 

In this case the tube with diameter 110 mm was evaluated. The tube was coated on external surface by 
traditional paint system formed by epoxy primer and polyurethane topcoat. The surface preparation was done 

by sweeping. As the tube shape the internal surface was fully galvanised too. The sample was mechanically 

stressed leading to deformation of tube wall. In mechanically damaged areas on external surface the whole 

protective system is delaminated including zinc coating. The practically any zinc intermetallic layer was not 
remained on steel surface - see Table 3. On internal surface the zinc coating is brightly grey and it was not 

delaminated even on deformed areas. The thickness of zinc coating meets the specification of EN ISO 1461 

Hot dip galvanized coatings on fabricated iron and steel articles - Specification and test methods. 

Table 3 Thickness of coating on tube 

area  
Thickness (μm) 

average minimum maximum 

External surface - zinc and paint system (duplex) 332 237 396 

External surface - delaminated area 3.5 1.0 11.1 

Internal surface - zinc coating 82 73 100 
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The metallographic evaluation of cross section of zinc coating samples taken from external and internal surface 
of tube had been done - Figures 6 and 7. On the zinc coating from external surface the reduction of η phase 

thickness by sweeping is evident and on the some areas only ζ phase reaches to top of zinc coating. The ζ 

phase seems to increase space between individual crystals. The thin cracks exist in this coating, too.   

     

Figure 6 Cross section of zinc coating on external surface (no deformed area) 

     

Figure 7 Cross section of zinc coating on internal surface (no deformed area) 

The chemical analysis of substrate steel had been done too - Table 4. The chemical composition of substrate 

steel on tube sample is between the classes A (low Si steel) and C (Sandeline steel) according to EN ISO 

14713-2. In respect to morphology of zinc coating representing the most typical phase’s occurrence and 
thickness (Figure 7) the class A is most probably.  

Table 4 Steel composition of sample (wt. %) 

Mn Si P Cr Mn Fe 

0.32 0.05 0.01 0.03 0.32 99.53 

The adhesion test was done on tube sample on both sides of tube - see Figure 8. The difference between 

external and internal sides is evident.  

4. CONCLUSION 

For more than 150 years the application of hot-dipped zinc coatings has been a standard method of corrosion 

protection of steel. It is a common mistake that the hot-dip galvanized coating is relatively easier to specify. 

Although hot-dip galvanizing has been utilized to protect steel for generations, the galvanizing process 

continues to evolve with many problems. Appearance and thickness are basic parameters of zinc coating and 

may indicate the problems with their adhesion. 
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Figure 8 Zinc coating adhesion after test on external surface (left) and internal surface (right) 

The test of effect of HAZ on cut edge shows some interesting results:  

• the HAZ is more significant for thin steel plates, 

• the thickness of zinc coating was the some on sample area and grinding cut edges, 

• the hardness values are different according to used techniques - in field condition performed non-
destructive measurement may give lower values than microhardness measured in laboratory conditions 

and with laboratory equipment, 

• the adhesion of zinc coating was poor on practically all grinded edges, 

• besides the hardness the profile has effect on zinc coating adhesion, too.  

The case study shows the sweeping may negatively affected the adhesion of zinc coating (and also together 

with paint coating) but the adhesion decreasing occurred only as result of mechanical deformation of product 

or steel structure.  
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Abstract  

Rare earth elements are widely used in metallurgy for alloying. It is known that small admixtures of these 

elements give unique properties to alloys. Rare earth oxides are used, for example, in optics or in solid-oxide 

fuel cells. In this work, the properties of electrodes based on oxides of titanium, ruthenium and rare earth 

oxides are investigated. The effect of organic additives on the surface properties of the electrode has also 

been studied. In the sample with butanol, the current density in the sodium chloride solution is almost 10 times 

higher than that of the electrodes without butanol. For the samples that showed the best results in 

electrochemical tests, the surface morphology was explored. The surface microphotographs demonstrate the 

cracks and the inclusions of rare earth oxides.  

Keywords: Rare earth oxide, electrocatalytic activity, surface morphology, roughness 

1. INTRODUCTION  

Rare earth oxides are increasingly used in various high-tech industries: catalysis, optics, high-energy magnets, 

glass industry, etc. [1,2].  

In the world research works are carried out with the purpose of the oxides using as doping additives in the 

electrodes, at that cerium is used more frequent [3-8]. These oxide compositions often include precious metal 

oxides such as ruthenium dioxide or iridium dioxide [4-6].  

In this paper, we study changes of the electrochemical and physico-mechanical properties of a mixture of 

RuO2, TiO2, La2O3, Ce2O3, Nd2O3 obtained on titanium plates by thermal method, depending on the adding in 

the precursor of organic additives for modifying electrode surface morphology.  

2. EXPERIMENTAL SECTION  

Used reagents in the preparation of the electrodes and the electrochemical experiment: RuCl3, H2IrCl6, TiCl4, 

rare earth carbonates, n-butanol (BuOH), polyethyleneglycol (PEG), NaCl, Na2SO4, H2O.  

2.1. Synthesis of the oxides 

The oxide composition of RuO2, TiO2, Ce2O3, La2O3 and Nd2O3 have been synthesized by thermochemical 

method. Salts RuCl3 (TU 2625-050-00205067-2004), H2IrCl6 (TU 2625-030-57979587-2005), TiCl4 (CAS # 

7550-45-0), rare earth carbonates have been mixed in the desired ratio and then added BuOH (GOST 6006-

78) or PEG (CAS # 25322-68-3). The resulting mixture was applied to a pre-prepared titanium substrate of the 

grade VT-1-00, thereafter it was poured into electric furnace at 350-450 °C for 30 minutes. The calcination 

operation was repeated until the desired coating thickness.  

2.2. Physical and physicochemical characterization  

Measurements of surface morphology were performed using scanning electron microscope (SEM) JEOL 

1610LV with energy dispersive spectrometer for electron-probe microanalysis SSD X-Max Inca Energy (JEOL, 

Japan; Oxford Instruments, Great Britain) in D. I. Mendeleev CKP.  
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The 3D surface profile image is obtained on the laser scanning microscope OLYMPUS LEXT OLS4100 

(OLYMPUS Corporation, Japan).  

2.3. Electrochemical measurements  

Electrochemical measurements (voltammetry) were performed in three-electrode electrochemical cell by using 

a Potentiostat-galvanostat P-20 X (Elins, Russia). The reference electrode was saturated Ag/AgCl, KCl, and 

counter electrode was Pt wire. All the results obtained are calculated relative to the reversible hydrogen 

electrode.  

3. RESULTS AND DISCUSSION  

For the prepared samples, the electrochemical characteristics were first measured. The comparison of the 

current density of the samples doped rare earth oxides with an industrial model of the DSA (Dimensionally 
Stable Anodes) are presented in Table 1. According to the obtained data, it is clear that in the presence of 

rare earth oxides in active layer of the electrode surface, regardless of the organic additive, current density of 

oxygen evolution in the Na2SO4 solution decrease. When butanol and polyethyleneglycol are added current, 

density reduces by two times, while for samples without additives it decreases almost by six times. In the NaCl 

solution, there is a current density increase by about 2.9 times in the presence of the butanol, and by 1.3 times 

with polyethyleneglycol. For a non-organic sample, the current density decreased to 1.1 mA·cm-2 versus 3.5 

mA·cm-2 for an industrial type sample (DSA).  

Table 1 Values of the current density in NaCl and Na2SO4 solutions  

Organic additive i at 1.4 V in NaCl 
(mA·cm-2) 

i at 1.4 V in Na2SO4 

(mA·cm-2) 

BuOH 10.0 1.1 

PEG 4.4 1.2 

- 1.1 0.3 

- (DSA) 3.5 2.0 

It can be concluded that RuO2, TiO2, Ce2O3, La2O3, Nd2O3 composition electrodes prepared in the presence 

of butanol and polyethyleneglycol show an increase in the current density in the sodium chloride solution. In 

sodium sulfate solution, the samples have a lower electrocatalytic activity that samples of industrial type.  

4. SURFACE MORPHOLOGY  

 

Figure 1 SEM-image of the surface of Ti/TiO2+RuO2+Ce2O3+La2O3+Nd2O3 samples, zoom x5000:  

(a) with butanol; (b) non-organic 
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Figure 1 demonstrates SEM-images of surface of the samples with butanol and without one including titanium, 

ruthenium, cerium, lanthanum and neodymium oxides that cover titanium plates.  

Butanol and polyethyleneglycol were added to increase the surface of the metal oxide electrode due to 

loosening effect on the coating during thermochemical synthesis. For a sample with the addition of butanol, a 

multiple increase in the number of microcracks can be observed. They are deeper and wider as compared to 

the sample without the organic additive. This change in morphology can significantly increase the surface of 

the electrode. 

Figure 2 shows a three-dimensional visualization of the surface of the studied anode materials for three 

samples: without an organic component, with butanol and polyethylenglycol. 3D-images of the surface of the 

oxide coating with and without butanol are comparable to each other. Both samples have peaks, cracks and 

stalagmite growths, but for the sample with butanol number of them is significantly more. The sample 

containing polyethylenglycol has a similar morphology in the practically absence of the stalagmitic growths. 

Thus, it can be seen that the oxide coating with PEG also has a sufficiently developed surface structure. 

 

Figure 2 3D surface visualization of Ti/TiO2+RuO2+Ce2O3+La2O3+Nd2O3 electrodes: (a) non-organic; (b) with 

butanol; (c) with polyethylenglycol 

The device software OLYMPUS LEXT OLS4100 allows to determine the roughness by ISO 4287 including 
such parameters as the height of the hill - Rz, the arithmetic average roughness - Ra. Table 2 presents the 

values of these quantities for the test specimens. 

Table 2 Indicators of roughness  

Organic additive Rz (µm) Ra (µm) 

- 1.505 0.199 

BuOH 2.985 0.334 

PEG 3.034 0.319 

Note: the average values of the parameters from the five dimensions are given. 
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According to the obtained data, roughness is higher of samples with organic additives. This fact agrees with 
the data of surface morphology of SEM and 3D visualization (Figures 1 - 2) and the results of electrochemical 

experiment.  

5. CONCLUSION  

Summing up the obtained results, it can be concluded that the addition of organic components (butanol, 

polyethyleneglycol) in the precursor solution used for the thermochemical synthesis of RuO2-TiO2-Ce2O3-

La2O3-Nd2O3 increases the roughness of the oxide coating. Samples with butanol and polyethyleneglycol have 

a greater electrocatalytic activity in the chloride system than without organic additives electrodes and a sample 

of industrial type due to the developed surface. 
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Abstract 

The paper presents research on fractal analysis of martensitic steel X39Cr13 used for the manufacturing of 

surgical instruments. Fractal analysis was performed on samples subjected to sequential processes: 

annealing, surface treatment and sterilization. Annealed samples were tested towards corrosion resistance in 

physiological solution. Fractal analysis revealed that annealed samples were bifractal, whereas the remaining 

ones appeared monofractal. Hence, sterilization did not affect the surface morphology of the steel. On the 

other hand, after corrosion tests there were regular pits several hundreds of micrometers in diameter found in 

the annealed specimens. 

Keywords: X39Cr13 steel, fractal analysis, surface topography 

1. INTRODUCTION 

Biomedical engineering is the subject of wide interest of many scientific groups (1-6]. Current progress in 

materials science offers unprecedented perspectives of possible modifications of the materials. Therefore, 

many attempts have been made to improve mechanical characteristics and corrosion resistance of various 

materials by using techniques as, for example, nitriding (7]. Martensitic stainless steel has been widely used 

in industrial processes because of its advantageous properties in this aspect (7-9], similar to austenitic 

stainless steel that has excellent corrosion resistance (10]. In their recent paper, Luo et al. (10] reported results 

of comparative study of the sliding wear properties and wear mechanisms of nitrided austenite stainless steel 

AISI316, with special attention paid to worn surface structural evolution induced by frictional heating and sliding 

deformation. In turn, Li et al. (7] published results that anodic nitriding treatments were able to produce different 

types of modified surface layers at different temperatures. The paper (9] presented results of studies on wear 

resistance of martensitic steel due to modified heat and surface treatment procedures. Most favorable results 

of wear resistance were obtained for high-temperature tempered and nitrided steel and for high-temperature 

tempered, nitrided and sterilised steel. At present, the huge development in research equipment has taken 

place, especially using in surface engineering, such as: SEM, XRD, AFM and TEM (7-21]. The paper presents 

results of studies of SEM and fractal analysis of martensitic steel after various heat and surface treatment 

processes. 

2. MATERIALS AND EXPERIMENTAL METHODS 

Martensitic steel, classified as stainless steel (grade X39Cr13), was selected for testing. The material was 

delivered in the form of soft annealed sheet (1 mm thick). Specimens were subject to surface treatment in the 
form of plasma nitriding. The nitriding was carried out at T = 460 oC and pressure p = 145 Pa for time t = 20 h. 
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Reactive atmosphere contained 25 % of molecular nitrogen diluted with molecular hydrogen. Part of specimens 
was sterilized. The sterilization by steam was carried out in an autoclave at T = 134 oC with pressure p = 0.21 

MPa for t = 0.5 h for cycles. Apart from that, annealed samples were also tested in Tyrode's physiological 

solution (pH = 6.8 ÷ 7.4) to determine corrosion resistance. Table 1 summarizes naming convention of 

X39Cr13 steel samples. 

Table 1 Operating parameters of steel and designation of steel 

Sample name Sample description 

A annealing 

A+N annealing and nitriding 

A+N+S annealing, nitriding and sterilization 

A+C(M) annealing and corrosion test (matrix area) 

A+C(P) annealing and corrosion test (pit area) 

Spatial characteristics of the surface texture of steel samples were derived from SEM data using reliable 

method thoroughly verified in previous studies for SEM as well as AFM images (22, 23]. The routine starts 
from computation of the autocorrelation map R: 

( ) ( )( )
N n N m

mn 2
k 1 l 1q

1
R z x m, y n z x, y

2S

− −

= =

= + + ⋅∑ ∑                                                                                      (1) 

where: (m, n) are discrete coordinates of the samples within image, Sq - root-mean-square surface roughness, 

N - number of scan steps along each direction. Directional inhomogeneities in surface geometry can be 

expressed in terms of anisotropy ratio Str, defined as the ratio of extreme correlation lengths Sa1 and Sa2, 

respectively (24]: 

a1
tr

a 2

S
S

S
=                                                                                                                                                          (2) 

where: Sa1, and Sa2 - are the shortest and longest decays, respectively. Likewise, half-widths at half maxima 

(HWHM) of the autocorrelation peak, denoted as wa1 and wa2, can be helpful in estimating specific bump size 

of dominant topographical features dav: 

1 2av a ad w w= +                                                                                                                                                (3) 

In the next step, 2-dimensional autocorrelation function is averaged around its origin to obtain 1-dimensional 
autocorrelation profile R(τ). This profile is directly related to the structure function S(τ) through the formula (24]: 

( ) ( )( )22 1qS S Rτ τ= −                                                                                                                         (4) 

Sayles and coworkers have shown (25] that the structure function reveals specific power-law scaling behavior 

given by: 

( ) ( )2 2 D
S Kτ τ −=                                                                                                                                    (5) 

where: D - is the fractal dimension, and K - pseudo-topothesy. Sample plots of profile structure functions are 

shown in Figure 1. In general, D and K correspond to the way, how the relative and absolute height variations 

maintain scale-invariance, respectively. However, the above allometricity breaks down beyond a certain 

threshold, referred to as the corner frequency τc, at which the plot approaches constant level. On the other 
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hand, in case of aggregated materials with higher-order alignment patterns, structure function follows two 

different scaling regimes describing single grains and clusters of grains independently of each other. 

 

Figure 1 Double-log plots of profile structure functions derived from SEM images of annealed sample 

exhibiting bifractal behavior (A), and annealed, nitrided and sterilized sample exhibiting monofractal  

behavior (B) 

Apart from fractal parameters, the so-called functional descriptors of topographical complexity can be also 
derived using the Firestone-Abbott curve (Figure 2). Actually, the curve represents cumulative distribution 

function of relative surface heights plotted in a reverse order. Among others, DIN 4776 standard specifies the 

three main functional parameters: 

• core roughness depth Sk - thickness the flattest part of the bearing curve where the largest increase in 

surface height exists, 

• reduced peak height Spk - thickness of the bearing curve above the core profile, 

• reduced valley depth Svk - thickness of the bearing curve below the core profile. 

 

Figure 2 Plot of Firestone-Abbott curve illustrating the concept of estimation of valleys, core and peaks 

depths measured in SEM images 
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3. RESULTS OF EXAMINATION 

Figure 3 shows SEM images of steel samples subjected to subsequent thermochemical process. Figure 3A 

presents annealed sample with rough surface and small precipitates of the order of hundreds of nanometers 
wide (sample A). In turn, Figure 3B presents the same sample subjected to subsequent nitriding (sample 

A+N). Diffusion of nitrogen into the surface of steel samples causes significant morphological changes 

reflected by diminished amplitude of height variations, disappearance of noticeable spatial structures and more 
homogeneous distribution of small, regular grains. Figure 3C shows the sample which was additionally 

sterilized. Unlike previous process, however, sterilization does not affect the surface morphology of the steel 
sample. Figure 4 presents low-magnification SEM image of the annealed sample, which was tested against 

corrosion. The image reveals the presence of regular pits several hundreds micrometers in diameter and 

aspect ratio around 2, dug in otherwise flat matrix. 

 

Figure 3 SEM images of the steel samples after various stages of the thermochemical process: (A) 

annealing, (B) annealing and nitriding, (C) annealing, nitriding and sterilization 

Insets in Figure 4 show detailed structures of solids within both areas exhibiting granular material inside the 

pit, and almost intact, although grooved surface of the surrounding matrix. 

 

Figure 4 SEM image of the annealed sample subjected to corrosion resistance test exhibiting regular pits 

etched in otherwise intact steel matrix 

Table 2 summarizes various spatial characteristics of the steel samples subjected to subsequent 

thermochemical treatment, which were derived from SEM images. 
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Table 2 Spatial characteristics of surface geometry of steel samples at various stages of heat and surface  
              treatments: dav - average bump size, Str - anisotropy ratio, Sa1 - the shortest correlation decay  

              length, D - fractal dimension, τ - corner frequency, Sk - core roughness depth, Spk - reduced peak  

              height, Svk - reduced valley depth 

Sample 
dav 

(nm) 
Str 

Sa1 
(nm) D1 

τ1 

(nm) 
D2 

τ2 

(nm) 
Sk 
(%) 

Spk 
(%) 

Svk 
(%) 

A 480 0.75 490 2.41 110 2.59 550 23 76 0.70 

A+N 270 0.65 240 2.65 310 - - 19 73 7.6 

A+N+S 270 0.24 250 2.66 300 - - 20 78 1.8 

A+C(M) 270 0.61 270 2.84 110 2.76 520 25 67 8.1 

A+C(P) 430 0.91 410 2.30 110 2.55 470 63 37 0.60 

Average bump size dav determined from the FWHMs of the autocorrelation function is found to be around 480 

nm after annealing, but decreases by a factor of around 2 approaching 270 nm due to nitriding. Subsequent 

sterilization does not make any further change in this parameter. Note that corrosion test carried out upon 

annealed sample reveals two different phases concerning bump sizes: matrix appears similar to nitride and 

sterilized samples, whereas pits resemble annealed sample. Observed trends coincide with changes in 

anisotropy ratio, which decreases from 0.75 down to 0.24 for annealed (A) and sterilized samples (A+N+S), 

respectively, but is found nearly identical comparing the same groups of samples. Because determination of 

the average bump size relies on extreme FWHMs of the autocorrelation function directly associated with the 
lateral correlation decay lengths, obtained dav values appear nearly equal Sa1. When it comes to fractal 

parameters, annealed sample turns out to be bifractal, whereas nitride and sterilized samples are found 

monofractal. In case of monofractal samples, fractal dimension D equals to 2.65, and the corner frequency 

equals to around 300 nm. On the other hand, bifractal sample exhibits less-scalable surface considering both 

the low- and high-order alignment patterns: 2.41 and 2.59, respectively. Lower corner frequency turns out to 

be one-third of that in monofractal samples (110 nm), whereas upper corner frequency approaches 550 nm. 

Nearly identical values for corner frequency can be found in sterilized samples concerning both matrix as well 
as pit areas. Functional parameters shown in Table 2 exhibit slightly different trends. The thickness of the core 

Sk is found to be almost constant through the whole process at around 20 %, as the reduced peak height Spk 

maintained at around 76 %. In contrast, the reduced valley depth Svk equals around 1 % in annealed and 

sterilized samples, but increases by a factor of 7 in nitride sample. Observed changes might be due to the fact 

that reconstruction algorithm turns flat grayscale maps into pseudo-spatial relative heights, hence even small 

pits in flat surfaces might largely contribute to the cumulative distribution. 

4. CONCLUSIONS 

The fractal analysis was performed on samples of martensitic steel (X39Cr13) subjected to various 

thermochemical treatment procedures. The obtained results are as follows: 

• Annealed sample exhibits rough surface and small precipitates of the order of hundreds of nanometers 

in size. Nitriding causes significant morphological changes reflected by diminished amplitude of height 

variations, disappearance of noticeable spatial structures and more homogeneous distribution of small, 

regular grains. Sterilization does not affect the surface morphology of the steel. Annealed steel tested 

against corrosion exhibits regular pits several hundreds micrometers in diameter and aspect ratio around 

2, dug in otherwise flat matrix. 

• Average bump size dav is found to be around 480 nm after annealing, but decreases by a factor of 

around 2 approaching 270 nm for surface treatment (A+N and A+N+S). After corrosion, annealed 

sample reveals two different phases concerning bump sizes: matrix appears similar to samples with 
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surface treatment, whereas pits resemble annealed sample. An anisotropy ratio Str is found nearly 

identical comparing the same groups of samples. 

• Annealed sample turns out to be bifractal, whereas nitride (A+N) and sterilized (A+N+S) samples are 

both monofractal. 
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Abstract 

Hastelloy C-276 is commercially used representative of Ni-based superalloys family which is widely applied 

due to good corrosion and wear resistance. In this work the HVOF sprayed and post heat treated coatings of 

Hastelloy C-276 are studied. Heat treatment for 116 h at 600 °C in furnace and laser remelting with different 

parameters was carried out in order to reach different thickness of laser remelted coatings. Erosion test and 

linearly oscillating ball on flat test were applied to evaluate tribological behavior of HVOF sprayed Hastelloy C-

276 coating. Microstructure of as-sprayed and heat treated coatings were also studied. XRD and SEM 

analyses of wear tracks were applied to reveal the dominant wear mechanism. The evaluation of erosion test 

revealed the positive effect of laser remelting on the other hand was observed increased wear coefficient for 

all heat treated coatings. 

Keywords: Hastelloy C-276, HVOF, laser remelting, wear 

1. INTRODUCTION 

Materials with high corrosion and wear resistance have been at the forefront of the interest of wide spectrum 

of industry applications such as power generation, chemical industry or aerospace. Only materials with 

excellent properties can withstand such high demands like a highly corrosion environment and mechanical 

load often both in combination with elevated temperatures. Thermal spray technologies represent really good 

possibility how to combine contradictory requirements, low manufacturing costs and excellent material 

properties. One of commonly used thermal spraying variant is HVOF (High Velocity Oxygen Fuel Spraying) 

which can provide coatings with high adhesion to the substrate and low oxidation during the spraying process. 

Laser surface remelting (LSR) is a method of heat treatment. It is a technology that modifies the surface 

properties of materials to improve them. Laser remelting of thermal sprayed coatings has an impact on the 

elimination of porosity and oxides at the splat boundaries, which lead to increase of internal coating cohesion 

and consequently to secondary effect on improving of the corrosion and wear resistance [1]. The typical wear 

resistant material is composed of hard carbides (especially chromium carbides Cr3C2 and tungsten carbides 

WC) which are distributed in Ni, Cr, Co-based metallic matrix or a combination of these metals [2]. Numerous 

family of Co-based alloys is called Stellites typically represented by Stellite 6 alloy which is CoCrWC alloy [3]. 

The Cr-based alloys with high content of chromium carbides Cr3C2 belong to cermets and can withstand high 

temperatures, they are represented by Cr3C2-25NiCr and Cr3C2-25CoNiCrAlY [4] [5] [6]. And last but not least 

there are Ni-based alloys which are generally based on the Ni-Cr solid solution. Well known and wide-spread 

Ni-based alloy for thermal spraying is NiCrBSi [7] [8]. Hastelloy C-276 or just Hastelloy or C-276 alloy is also 

Ni-based superalloy with Ni-Cr metallic matrix. It is distinguished by its excellent oxidation resistance in wide 

range of temperatures and different corrosion environments. The high content of Mo (15.5 %) is responsible 

for high pitting corrosion resistance in reducing environments, on the other hand Cr (15.5 %) causes Hastelloy 

C-276 resistant in oxidizing media. Surface treatment of Hastelloy C-276 by laser was carried out in [9] at 

different process parameters of laser in order to improve wear resistance by microstructure changes without 

undesirable precipitation. On the other hand, the precipitation was used for strengthening of the Ni-based 

coatings with composition similar to Hastelloy C-276. In [10] was Hastelloy C-276 coating deposited by 

magnetron sputtering. The aim of this study is to evaluate the effect of laser remelting applied on the HVOF 
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sprayed coatings of Hastelloy C-276 especially on the microstructure, mechanical properties and tribological 

behavior of the coatings. Laser remelting with two different laser parameters were applied to carry out coatings 

with different thickness or remelted layers. Moreover furnace annealing was applied to coatings (age hardening 

at 600 °C for 116 h) to compare principles of different heat treatment methods. 

2. EXERIMENTAL 

2.1. Coatings preparation 

The Hastelloy C-276 coatings were sprayed in VZÚ Plzeň s.r.o. by HP/HVOF TAFA JP5000 spraying 

equipment. As a substrate was used grit blasted steel 11 523 with the dimensions 200 mm × 100 mm × 10 mm, 

the dimensions were chosen to ensure sufficient cooling rates during laser remelting process. For grit blasting 

of substrates was used Al2O3 powder F22 with a grain size 0.8-1 mm. For spraying was used commercially 

available powder FST 341.33 with nominal chemical composition of 15.5 % Cr, 15.5 % Mo, 4 % W, 3 % Fe 

and the rest of Ni. The maximal content of C in Hastelloy C-276 is expected to not exceed 0.01 %. The HPDD 

4 kW laser Coherent HighLight ISL-4000L with wave length 808 ± 10 nm was used for laser remelting. Two 

different laser parameters (named LR1 and LR2) were applied, for LR1 it was the specific energy 8.9 J/mm2, 

traverse speed 10 mm/s and spot size 12 mm x 6 mm. For parameters LR2 it was the specific energy 17.8 

J/mm2, traverse speed 5 mm/s and spot size 12 mm x 6 mm. To prevent samples from high thermal gradient 

which may cause cracks in the coating, the preheating of the substrate to the 350 °C was applied. Samples 

were cooled after laser remelting in air atmosphere. The heat treatment of Hastelloy C-276 coating was carried 

out in air atmosphere in muffle furnace LM 212 at 600 °C for 116 hours. The annealed samples were then 

cooled also in air atmosphere. Parts of specimens without coating were protected against oxidation by 

oxidation protective paint CONDURSAL Z 1100. 

2.2. Coatings analyses  

On all four prepared Hastelloy C-276 specimens (as-sprayed, laser remelted with parameters LR1 and LR2 

and annealed at 600 °C for 116 h) were applied same experimental procedures. The cross sections specimens 

were ground and polished by automated LECO grinding and polishing equipment and their quality was 

continuously checked by optical microscope Nikon Epiphot 200. The microstructure was evaluated on cross 

sections by digital optical 3D microscope Hirox KH7700 and for SEM images was used microscope EVO MA25 

from Zeiss with LaB6 thermal filament and equipped by EDX detector SDD X-Max 20 Oxford Instruments. The 

microhardness was evaluated by HV0.1 measurement for all samples, the indents were made in 50 µm distant 

steps and started 50 µm below the coatings surface. It results in 6 × 6 indentation matrix, the mean values are 
plotted in the graph in Figure 3. The wear coefficient (K) and coefficient of friction (COF) were evaluated at 

room temperatures by linearly oscillating Ball-on-Flat wear test (ASTM G-133), the parameters were as follows: 

25 N normal force, steel 100Cr6 counterpart (6 mm diameter ball), 5 Hz oscillating frequency; 10 mm stroke 

length, 1000 s testing time, 100 m total sliding distance. For each specimen were performed three different 

measurements, depth profile of each wear track was measured by profilometer KLA-Tencor P-6 Profiler at 

three different places, then the total volume loss was calculated. Surfaces of specimens for Ball-on-Flat wear 

test were at first ground and polished to ca. 0.04 ± 0.02 Ra value. The wear tracks were observed by SEM to 
identify wear mechanism. The erosion test (Figure 1) was carried out at VZÚ Plzeň s.r.o. with their own testing 

equipment. This device provides a given constant amount of abrasive media (white corundum F70) from the 

reservoir at the top of the device. The abrasive particles enter between two rigidly connected rotating discs 

with four accelerating channel and there the abrasive particles are accelerated by centrifugal force and at the 

outlet of the channels the particles stream interferes with specimens. At the end of the test the weight of 

specimens is evaluated. Because the density of tested material is known the weight loss can be converted to 

the volume loss of material. 
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Figure 1 Schematic drawing of erosion test at VZÚ Plzeň s.r.o. 

3. RESULTS AND DISCUSSION 

This study follows the results which were reported in [11] and adds new experimental procedures in order to 

evaluate especially tribological behavior of HVOF sprayed and laser remelted Hastelloy C-276 coatings. 

3.1. Microstructure and microhardness 

Microstructure of HVOF as-sprayed coatings of Hastelloy C-276 (Figure 2a) is characterized by dense web of 

splats, partial decohesion between individual splats could be also seen and certain amount of porosity typical 
for HVOF coatings is present. Specimen after furnace annealing (600 °C for 116 h) (Figure 2b) is also 

characterized by certain amount of porosity which is comparable to as-sprayed coating. On the other hand in 
both laser remelted coatings (Figures 2c, 2d) the final porosity rapidly decreased and final coatings are denser 

and more compact. Another consequence of laser remelting is that the coating surface is much smoother than 

as-sprayed and furnace annealed coatings. 

 

Figure 2 SEM of microstructure for HVOF Hastelloy C-276 coatings: (a) as-sprayed, (b) furnace annealed, 

(c) laser remelted LR1, (d) laser remelted LR2 
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Laser parameters LR1 (specific energy 8.9 J/mm2) led to remelting of ca. half of coating thickness whereas 

LR2 (specific energy 17.8 J/mm2) resulted in remelting of almost complete coating thickness because 

substrate-coating boundary was occasionally remelted. More detailed explanation of microstructure changes 

for all samples was reported in [11]. 

Results of microhardness measurement are shown in the graph in Figure 3. For both laser remelted coatings 

(LR1 and LR2) there is a significant decrease of microhardness which is most probably caused by size of 

dendrites. Fine dendritic microstructure contributes to high microhardness of as-sprayed coating whereas in 

laser remelted coatings the coarser dendrites are present closer to coating surface and that resulted in 

negative influencing of microhardness. The furnace annealed coating shows slight microhardness 

improvement as a consequence mainly of oxidation of intersplat boundaries and partly of precipitation 

hardening of Co-based solid solution inside individual splats [11]. 

 

Figure 3 Measurement of microhardness HV0.1 

3.2. Wear behavior 

Evaluation of linearly oscillating Ball-on-Flat wear test (ASTM G-133) is shown in graphs in Figure 4. These 

results don't reveal any changes in coefficient of friction (COF) depending on the heat treatment method on 

the other hand there is an evident trend in increasing of wear coefficient with increasing of laser remelted 

coating thickness. The higher wear coefficient for both laser remelted coatings (LR1 and LR2) could be 

explained by reduction of microhardness which makes coatings more prone to plastic deformation. SEM 
images of wear tracks after Ball-on-Flat test are shown in Figure 5. Despite increment in microhardness, the 

furnace annealing has a negative effect on sliding wear resistance. The precipitation in Hastelloy C-276 as a 

result of heat treatment could cause brittle cracking during wear tests [11]. Main wear mechanism of all tested 
coatings is abrasion, additionally for as-sprayed coating (Figure 5a) was also observed partial delamination of 

individual splats that is a consequence of present intersplat decohesion (Figure 2a). 

         
Figure 4 Coefficient of friction (COF) and wear coefficient K 
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Figure 5 SEM of wear tracks for HVOF Hastelloy C-276 coatings: (a) as-sprayed, (b) furnace annealed, 

(c) laser remelted LR1, (d) laser remelted LR2 
3.3. Erosion resistance 

Evolution of volume losses with dependency to impact angle of erosion media and heat treatment method is 
reported in graph in Figure 6. The positive effect of both laser remelted coatings is obvious and more visible 

for completely remelted coating thickness (LR2) and additionally the volume loss is decreasing with decreasing 
of impact angle. It is a consequence of enhanced internal coating cohesion and elimination of porosity after 

laser treatment. It is also accompanied by increased elasticity which allows more erosion particles to not affect 

the coating at all. The coating brittleness together with still present porosity for furnace annealed coating is 

causing high volume losses especially for lower impact angles. 

 

Figure 6 Volume losses with dependency to impact angle of erosion media 
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4. CONCLUSION 

This study is focused on evaluation of laser remelting in application on the HVOF sprayed coatings of Hastelloy 

C-276 especially on the microstructure, mechanical properties and tribological behavior. All used heat 

treatment methods (twice laser remelting and furnace annealing) proved negative effects on sliding wear 

resistance despite different changes in microstructure and microhardness. On the other side the erosion test 

reveal beneficial influence of enhanced internal coating cohesion and elimination of porosity within laser 

remelted coatings which resulted in reduction of volume loss for both laser parameters and all impact angles 

of erosion media. Further wear test should be applied to reveal the true wear behavior of Hastelloy C-276 

HVOF coatings. 
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Abstract 

Since, it is very difficult to form Ni-P deposit by electroless process on austenitic stainless steel as substrate, 

the activation with a weak acid etch, i.e., nickel strike should be applied. In this work a new method for Ni-P 

depositing on austenitic stainless by electroless processing is developed. In this way was avoided nickel strike 

pre-coating treatment which makes Ni-P coating process on stainless steel more complicated in comparison 

to other similar electroless processes on other types of steel, aluminium alloys, and so on. Study has been 

focused on influence of new activation process on adhesivity, microhardness and microstructure analysis of 

electroless Ni-P coatings. Adhesivity was estimated by Vickers indenter. Microhardness was tested by using 

scanning electron microscope. Microstructure of the electroless treated specimens were analyzed by optical 

and scanning electron microscopy. Based on experimental results, it can be concluded that by new method of 

activation of surface, electroless nickel - phosphorous coatings on austenitic stainless steel have higher 

adhesivity and microhardness than non-activated electroless nickel - phosphorous coatings. 

Keywords: Electroless, coatings, stainless steel, micro-hardness, adhesivity 

1. INTRODUCTION 

Generally, an electroless Ni-P layer has a higher hardness and a better corrosion resistance than the AISI 316 

stainless steel [1]. But, it is very difficult to form a Ni-P deposit on an austenitic stainless-steel as substrate 

using the electroless process. For that reason, the activation of surface with a weak acid etch, i.e., nickel strike 

should be applied [2]. Nickel-strike pre-coating treatment makes the Ni-P coating deposition on stainless steel 

more complicated in comparison to the other similar electroless depositions on other types of steel, aluminium 

alloys and so on. The heat treatment should be applied after the electroless coating process. Ni-P alloy layers 

should be heat treated, mainly to increase hardness and adhesion of Ni-P alloy layers with substrate [2]. 

Microstructure of the Ni-P coatings deposited with the electroless process depends on the phosphorous 

content. Electroless deposited Ni-P layers are crystalline if the phosphorus content is between 1-5 % mass 

fractions (low phosphorus). If the content of phosphorous is between 6-9 % mass fraction (medium 

phosphorous), the Ni-P layers deposited with the electroless process have mixed, amorphous and crystalline 

structures. If the content of phosphorous is between 10-13 % mass fraction (high phosphorus), the Ni-P layers 

deposited with the electroless process are amorphous [3,4-8]. 

With a prolonged aging at high temperatures, amorphous electroless deposited nickel-phosphorous layers 

begin to crystallize and lose their preferable amorphous character. At the same time, a higher hardness of the 

layer is obtained due to the diffusion of phosphorus from the region near the interface with the substrate [9]. 

The nickel-phosphide particles conglomerate and the matrix of Ni3P forms due to the continued heating [9] 

The hardness of the layer can increase with the appearance of the intermetallic Ni3P phase and with a higher 
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crystallinity of the nickel-phosphorous layers [2,4,5,10]. Moreover, the hardness of the electroless deposited 

nickel-phosphorous layers can increase because of the precipitation of the Ni3P phase [10]. The maximum 

hardness can be obtained if the phosphorus content is around 4 % mass fraction [3,4-8]. 

The microhardness of electroless Ni-P layers depends on the heat treatment, the content of phosphorus  

and on the contents of other alloying elements in the coatings [3,4,11-14]. After the heat treatment, the 

structure of the coating is more crystalline; moreover, the intermetallic nickel phosphide (Ni3P) phase appears  

[4,5,10]. Nickel with an amorphous structure has a lower hardness than nickel with a crystalline structure  

[5-7,13,15-27]. The grain size of electroless Ni-P composite layers can have a significant influence on the 

hardness [19]. Heat treated of Ni-P layers deposited with the electroless process can have a significant impact 

on their hardness and adhesivity [8]. In this work study has been focused on influence of new activation process 

on adhesivity, microhardness and microstructure analysis of electroless Ni-P coatings. The adhesivity related 

to the optimization of electroless Ni-P process was estimated with a Vickers indenter and Rockwell indenter. 

2. AN OPTIMIZATION OF ACTIVATION OF ELECTROLESS PROCESS OF NI-P DEPOSITING ON 
AUSTENITIC STAINLESS STEEL 

The activation electroless process was done by immersing a special aluminium electrode in the electrolyte 

together with treated cylindrical specimen of 8 mm in diameter 50 mm in length. The chemical composition of 
austenitic steel AISI 316 is shown in Table 1. 

Table 1 Chemical composition of steel substrate 

Chemical composition in mass fraction (w/%) 

C Si Mn P S Cr Mo Ni 

0.07  0.71  1.36  0.031  0.021  17.1  2.42  11.6 

The Nikora nickel bath based on an aqueous solution of sodium hypophosphite (a registered trademark of 

Schering AG, Berlin) was used. The surfaces of specimens were cleaned to eliminate all types of surface 

contamination before the electroless process. Specimens were mechanically polished using Kemipol T-12, 

with Al2O3 grains of 14 μm. After that the degreasing the surfaces of the samples with the cleaning agent 

UNICLEAN 253, which is composed of silicate, hydroxide and biodegradable surfactants. The substrate 

surfaces were washed and activated in the activation agent UNICLEAN 675. After rinsing, the main electroless-
deposition process was applied (Figure 1). 

 

Figure 1 Flow-chart diagram of the electroless process of nickel plating on an austenitic-steel AISI 316 

substrate 

After the electroless processing, samples were heat treated by aging at 500 °C for 60 min in an air-furnace 

atmosphere [17]. 

An analysis of the Ni-P coating layers was carried scanning electron microscope FEG FEI QUANTA 250 SEM. 

The contents of the iron, chromium, nickel and phosphorus of the non-heat-treated sample were evaluated 

with SEM and EDS mapping. A map of the contents of iron, chromium, nickel and phosphorus is shown in 
Figure 2. 
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It is evident that nickel (Figure 2c) and phosphorous (Figure 2d) are located in both the coating and the 

substrate. Iron (Figure 2a) and chromium (Figure 2b) are located only in the substrate. Phosphorous is 

uniformly distributed in the Ni-P coating. 

 

Figure 2 SEM and EDS mapping of the iron, chromium, nickel and phosphorus of the non-heat-treated 

samples 

SEM and EDS mapping of the contents of the iron, chromium, nickel and phosphorus in the heat-treated 
samples is shown in Figure 3. It is evident that the distribution of chemical elements in the coating and the 

substrate is similar to the distribution of chemical elements in the non-heat-treated specimen. Nickel 
(Figure 3c) and phosphorous (Figure 3d) are found in the coating and in the substrate, but iron (Figure 3a) 

and chromium (Figure 3b) are found only in the substrate. It was found that the heat-treated and non-heat 

treated specimens have about 9 % of phosphorous. The deposited layer could be recognized by his light color, 

opposite to the dark colored substrate. The thickness of the non-heat-treated Ni-P coating is 8 μm while the 

thickness of the heat-treated Ni-P coating is 7.5 μm. 

Samples were tested with the microhardness indentation technique. The Vickers microhardness of each 

sample was obtained by the Vickers tester Struers Duramin. The obtained microhardness of the non-heat-

treated electroless Ni-P coating on the austenitic stainless-steel AISI 316 substrate was 429 ±17 HV0.01, while 

the hardness of the heat-treated electroless Ni-P coating was 853 ±26 HV0.01. 

The adhesivity was estimated with a Vickers indenter. 
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It can be seen in Figure 4 that the delamination of the deposited layer did not appear on the specimen treated 

with special pre-coating activation of specimen surface. The application of heat treatment without special 

activation of surface before electroless processing of specimens is not enough for satisfied adhesion of 

electroless deposited layer with substrate. 

 

Figure 3 Content of the iron, chromium, nickel and phosphorus present on the cross-sections of Ni-P 

coatings deposited with the electroless process on austenitic stainless-steel AISI 316 substrate of the heat-

treated sample, obtained with SEM and EDS mapping 

a)  b)  c)  

Figure 4 Indentation results for adhesivity of Ni-P electroless coatings, mag. 35:1: a) chemical pre-coating 

treatment of the surface + electroless coating, b) pre-coating treatment of the surface + electroless coating + 

aging at 500 °C, c) electroless coating + aging at 500 °C 
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3. CONCLUSION 

Application of the Ni-P coatings deposited with the electroless process on the austenitic steel AISI 316 was 

analysed. Surfaces of the austenitic-steel AISI 316 substrate were prepared before depositing the Ni-P 

coatings with the electroless process. The investigated coatings follow the surface morphology of the samples. 

Ni-P coatings deposited with the electroless process were formed chemically uniform. The thickness of 

electroless deposited is not depending on application of heat treatment. 

By the Vickers microhardness testing it was found out that bay application of heat treatment can to achieve 

better results. The applicability of Vickers indenter in testing and optimization of adhesivity of electroless Ni-P 

coatings deposited on austenitic stainless steel AISI 316 was analyzed. Based on Vickers indentation results 

of adhesivity of Ni-P electroless coatings it can be concluded that by application of proper activation process 

before electroless coating a satisfied adhesivity can be achieved. 

ACKNOWLEDGEMENTS 

This work has been supported in part by Croatian Science Foundation under the project 5371. 
This work has been supported in part by University of Rijeka, Support No 13.09.1.1.02. 

REFERENCES 

[1] WU, Y. H., LIU, T. M. and LUO, S. X. Corrosion characteristics of electroless Ni-P coating in sulfur-bearing 
solution. Materials and Corrosion. 2009. vol. 60, no. 12, pp. 987-990. 

[2] BAUDRAND, D. W. Electroless Nickel Plating. ASM Handbook, ASM International, Materials Park, OH, 1994. p. 

290. 

[3] HARI KRISHNAN, K., JOHN, S., SRINIVASAN, K. N., PRAVEEN, J., GANESAN, M. and KAVIMANI, P. M. An 
overall aspect of electroless Ni-P depositions -A review article. Metallurgical and Materials Transactions A. 2006. 

vol. 37, no. 6, pp. 1917-1926. 

[4] TAHERI, R. Evaluation of Electroless Nickel-Phosphorus (EN) Coatings. Ph. D. thesis, University of 

Saskatchewan, 2002. 

[5] BALARAJU, J. N., SANKARA NARAYANAN, T. S. N., SESHADRI, S. K. Structure and Phase Transformation 
Behaviour of Electroless Ni-P Composite Coatings. Materials Research Bulletin. 2006. vol. 41, no. 4, pp. 847-860. 

[6] ZULETA, A. A., GALVIS, O. A., CASTAÑO, J. G., ECHEVERRÍA, F., BOLIVAR, F. J., HIERRO, M. P., PÉREZ-
TRUJILLO, F. J. Preparation and characterization of electroless Ni-P-Fe3O4 composite coatings and evaluation 
of its high temperature oxidation behavior. Surface & Coatings Technology. 2009. vol. 203, no. 23, pp. 3569-

3578. 

[7] SAHOO, P and DAS, S. K. Tribology of electroless nickel coatings - A review. Materials and Design. 2011. vol. 

32, no. 4, pp. 1760-1775. 

[8] MARETIĆ, M., SMOLJAN, B. and ILJKIĆ, D. Heat treatment of electroless ni-p layers on an austenitic stainless-
steel substrate. Materials and technology. 2017. vol. 51, no. 3, pp. 413-417. 

[9] The Engineering Properties of Electroless Nickel Coatings. Report, ELNIC Inc., Nashville, TN, 1980. C3-C27. 

[10] MA, C., WU, F., NING, Y., XIA, F. and LIU, Y. Effect of heat treatment on structures and corrosion characteristics 
of electroless Ni-P-SiC nanocomposite coatings. Ceramics International. 2014. vol. 40, no. 7A, pp. 9279-9284. 

[11] SHAO, Z. C., CAI, Z. Q., HU, R. and WEI, S. Q. The study of electroless nickel plating directly on magnesium 
alloy. Surface and Coatings Technology. 2014. vol. 249, pp. 42-47. 

[12] WANG, Y., KANG, M., JIN, S. W., FU, X. Q. and WANG, X. S. Electrochemical behaviour in process of 
electrodeposition Ni-P alloy coating. Surface Engineering. 2014. vol. 30, no. 8, pp. 557-561. 

[13] SOROR, T. Y. Structure and Wear Resistance Properties of Electroless Ni-P Alloy and Ni-P-SiC Composite 
Coatings. European Chemical Bulletin. 2013. vol. 2, no. 8, pp. 562-567. 

[14] SUDAGAR, J., LIAN, J. and SHA, W. Electroless nickel, alloy, composite and nano coatings - A critical review. 
Journal of Alloys and Compounds. 2013. vol. 571, pp. 183-204. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1132 

[15] PLOOF, L. Electroless Nickel Composite Coatings. Advanced Materials & Processes. 2008. vol. 166, no. 5, pp. 

36-38. 

[16] HARTUNG, R., SCHMIDT, J. and BOTH, S. Tribologische Nickel-Dispersionsschichten Mit Hexagonalem 
Bornitrid. Galvanotechnik. 2008. vol. 12, pp. 2931-2939. 

[17] ALIREZAEI, S., MONIRVAGHEFI, S. M., SALEHI, M. and SAATCHI, A. Effect of Aluminia Content on Surface 
Morphology and Hardness of Ni-P-Al2O3 (α) Electroless Composite Coatings. Surface and Coating Technology. 

2004. vol. 184, no. 2-3, pp. 170-175. 

[18] APACHITEI, I., TICHELAAR, F. D., DUSZCZYK, J. and KATGERMAN, L. Solid-State Reaction in Low-
Phosphorus Autocatalityc NiP-SiC Coatings. Surface and Coating Technology. 2001. vol. 148, no. 2-3, pp. 284-

295. 

[19] BALARAJU, J. N. and RAJAM, K. S. Electroless Deposition and Characterization of High Phosphoros Ni-P-Si3N4 
Composite Coatings. International Journal of Electrochemical Science. 2007. vol. 2, no. 10, pp. 747-761. 

[20] MA, H., TIAN, F., LI, D. and GUO, Q. Study on the Nano-Composite Electroless Coating of Ni-P/Ag. Journal of 

Alloys and Coumounds. 2009. vol. 474, no. 1-2, pp. 254-267. 

[21] NOVAKOVIC, J., VASSILIOU, P., SAMARA, Kl. and ARGYROPOULOS, Th. Electroless NiP-TiO2 Composite 
Coatings: Their Production and Properties. Surface & Coatings Technology. 2006. vol. 201, no. 3-4, pp. 895-901. 

[22] CHENG, Y. H., ZOU, Y., CHENG, L. and LIU, W. Effect of the microstructure on the properties of Ni-P deposits 
on heat transfer surface. Surface & Coatings Technology. 2009. vol. 203, no. 12, pp. 1559-1564. 

[23] KARTHIKEYAN, S. and RAMAMOORTHY, B. Effect of reducing agent and nano Al2O3 particles on the properties 
of electroless Ni-P coating. Applied Surface Science. 2014. vol. 307, pp. 654-660. 

[24] ISLAM, M. and SHEHBAZ, T. Effect of synthesis conditions and post-deposition treatments on composition and 
structural morphology of medium-phosphorus electroless Ni-P films. Surface & Coatings Technology. 2011. vol. 

205, no. 19, pp. 4397-4400. 

[25] SHEN, Y. F., XUE, W. Y., LIU, Z. Y. and ZUO, L. Nanoscratching deformation and fracture toughness of 
electroless Ni-P coatings. Surface & Coatings Technology. 2010. vol. 205, no. 2, pp. 632-640. 

[26] LIU, Y., BECKETT, D. and HAWTHORNE, D. Effect of heat treatment, top coatings and conversion coatings on 
the corrosion properties of black electroless Ni-P films. Applied Surface Science. 2011. vol. 257, no. 9, pp. 4486-

4494. 
[27] Sahoo, P. Wear behaviour of electroless Ni-P coatings and optimization of process parameters using Taguchi 

method. Materials and Design. 2009. vol. 30, no. 4, pp. 1341-1349.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1133 

PARTICULARITIES OF SURFACE FORMATION BY UNCONVENTIONAL MACHINING 
OF ROTATING TURNING TOOLS 

Richard JOCH 1, Jozef PILC 1, Dana STANČEKOVÁ 1, Miroslav JANOTA 1 

1University of Zilina, Zilina, Slovakia, EU  

richard.joch@fstroj.uniza.sk, jozef.pilc@fstroj.uniza.sk, dana.stancekova@fstroj.uniza.sk,  

Abstract  

Self-propelled rotary turning tools and actively driven rotary tools are characterized by different chip formation 

and different conditions of surface layer. Chips creating after conventional machining is influenced by specific 

patterns and can be affected by the machining scheme as well as the tool durability. This is a possible 

replacement for the coating effect of tool functional surfaces. The paper is focused on the issue of the state of 

surface layers after the application of the unconventional turning scheme. The state of the surface layers is 

evaluated by X-ray diffraction. 

Keywords: Coating effect, functional surfaces of tool, self-propelled turning tool, turning  

1. INTRODUCTION 

The increasing working parameters of the machines, the development of various fields of technology lead to 

an increasing use hard-to-machine materials. These are materials with high strength, hardness and materials 

with specific physical properties. The machinability of such materials is the motive for the development of new 

cutting tool materials or their modifications. These provide for a favourable mutual interaction of the tool with 

the workpiece resulting in the required quality of the machined surface of the part. This process is linked to the 

requirement of machine economy, which increases when prolonging the cutting edge durability while 

shortening the times of major and minor activities. The main task is by the cutting tool, the material of its cutting 

part or its possible modification. Just the production and application of cutting tools means a qualitative leap 

in the development of cutting material materials. The application of coatings (TiN, TiC, TiAlN ...) and their 

multilayer combinations brings higher cutting edge durability. Such an adjustment, the effect of which is highly 

efficient, brings an extra cost to these modern new tools. The machining of tools rotating around their own axis 

is one of the perspective methods for turning, milling and shaping hard-to-machine materials. [1-3] 

The principle of rotating tools 

Today we know two basic ways of acting the rotary tools. Tools whose rotation is secured by the friction forces 

between the workpiece and tool surfaces (friction of the tool's head and the back of the machined surface). 

Such tools are known as self-cutting tools or tools that have an active motion from a special drive. The tooling 
diagrams for the individual machining modes are shown in Figure 1. 

Machining of hard-to-machine materials is associated with high cutting forces and a significant thermal load 

on the cutting edge. The high strength of the cutting edge of such geometry tools is also an important feature 

of the tool that supports such an application. [2,4] 

To ensure continuous rotation, the circular tool is adjusted with respect to the main motion vector under a 

sufficiently large angle of inclination of the cutting edge λs (Figures 1 and 2). The circular cutting edge, which 

has one degree of freedom after setting, causes the chip-forming process to be much more complicated than 

with conventional turning. From a kinematic machining scheme, see a significant difference in chip formation. 

This method achieves the effect of reducing the friction between the chip and the tool. This effect will 

substantially increase the durability of the cutting edge. The use of the method is to a certain extent influenced 

by the desired shape of the machined surface as well as the design of a suitable tool construction. [5-7] 
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Figure 1 Scheme of rotating tools for: a) Turning, b) Planing, c) Milling 

         

Figure 2 Model of the tool setting at different angles of the cutting edge 

An important advantage of this machining method is the reduction of friction on the active surfaces of the tool. 

This affects favorably the durability, the formation of chips, the resulting cutting speed, which affects the 

temperature in the cutting zone, the force ratios, from which it can be deduced and the experiment confirming 

that a surface layer is produced, the roughness of which is beneficial and the properties of the subsurface layer 

are favorable. [5,8] 

The rotation-affected final cutting speed "w" can be determined by calculating: 

î � ¬ .  c�Å�Æ
c�Å�Æ�

      when    λse =  λs  -  λt                                                                                                                                                                            (1) 

¼� � ¬� .  c�Å�Æ
¬ � ¬� .  Å���Æ

                                                                                                                            (2) 

î � ® �1 � 2. ^. �A ¼Å + ^&�ç
�   when  ^ �  ¬�

�                                                                                                   (3) 

where: 

 W - vector of the resulting cutting motion (m⋅min-1) 

λs - the angle of the main cutting edge (°) 

vn - circumferential rotational speed of the tool (m⋅min-1) 

v - cutting speed (m⋅min-1) 

ξ - coefficient of proportionality 

Experiments have been performed to indicate the rotation speed of the "vn" tool. This depends primarily on the 

angle of inclination of the cutting edge λs. This angle greatly affects the size of the deformation of the chips. 

The problem of chip formation is the combined state of the surface layer of the machined surface. In this 

context, the most important issues are deformation and friction. Work of deformation and friction changes in 

heat in the cutting process, the temperature of the machined material and the tool increases, thereby changing 

their properties. Turning the rotating tool from the point of view of chip formation is significantly different from 
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turning with a conventional tool. Due to the special kinematic machining scheme, it can be expected that 

turning the knife will reduce the deformation of the chips. [5,6,9] 

2. SETUP OF EXPERIMENTS 

Turning:   Lathe: SN 55 

                 Tool: self-propelled turning tool a static turning tool - steel 19 855.5 

                 tool radius - Rn = 17.5 mm, αn = 12°   

                 workpiece: 12 050.1 

                 geometry and turning parameters:  

                 the angle of the main cutting edge - λs (30°; 40°; 45°; 50°), 

                 the normal angle of the tool face - γn (0°; 5°; 10°; 15°),  

                 cutting speed - vc (27; 58.2; 85.2; 121.2) m⋅min-1 

                 tool feed - f (0.12; 0.24; 0.48; 0.56; 0.8; 1.0) mm 

                 depth of cut - ap = 0.3 mm 

Chamfers were studied during turning. The chip shapes trapped in the static and rotary tool are shown in 
Figure 3. 

      

Figure 3 Shapes of chips a) static turning tool, b) self-propelled turning tool. (vc = 44.4 m⋅min-1; f = 0.48 mm; 

ap= 0.3; λs = 30°; 40°; 50°; γn= 5°) 

Chip formation was studied by capturing roots of chips under free cutting conditions using a special 
preparation. The micrographs of the roots are shown in Figure 4. 

a b 
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a                                                                                    b  

Figure 4 Roots of chips a) static turning tool, b) self-propelled turning tool zoom 50x, (λs = 30o, 40o) 

Micrographs capturing the metallographic cuts of the chip chamfer formation with self-propelled turning tool at 

angles λs = 30° and λs = 40° are not visible traces of increase. With the increasing angle λs, the plastic 

deformation of the material decreases, as evidenced by the β1 angles. On the photomicrographs of the roots 

of the chips obtained during the work of the static turning tool, the braced layer of the material can be clearly 

distinguished, while the increase is more intense for λs = 30°.  

• A comparison of the characteristics for the self-propelled turning tool and static turning tool can be seen 
in a substantial reduction of the chip compression "k" at the rotary tool. This may be explained by a 

different kinematic cutting scheme. Tool rotation has a significant effect on reducing the friction 

coefficient between the chip and the face of the tool. 

• It can generally be noted that, as with conventional turning, even with the rotating tool, chip compression 

is changed by change the cutting conditions and geometry of the tool. With increasing cutting speed, 

feed rate, front angle, and cutting edge angle, the chip compression decreases. 

Residual stress study: 

Residual stresses were evaluated using an X-Ray diffractometer. The measurement was made by means of 
a positioning table perimeter at 36 points, after 10° as shown in Figure 6. The non-destructive measuring 

device X-Ray diffractometer is shown in Figure 5 

 

Figure 5 Scheme of measurement residual stress Figure 6 Non-destructive measuring device 
X-ray diffractometer 
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The average value of the 36 measurements on the workpiece by the said unconventional machining scheme 
is given in Table 1. Table 2 shows the values after machining with a conventional knife (WNMG 0604 12). 

Table 1 Results of residual stress with self-propelled turning                                                  

Depth  
of cut ap 

(mm) 

Feed f 
(mm) 

Angle  
of cutting 
edge λs (°) 

Residual normal stress 
(MPa) 

Residual shear 
stress (MPa) 

FWHM 

0.5 0.45 30 127.14 ± 13.33 -126.10 ± 6.67 2.79 

0.90 125.25 ± 14.19 -125.68 ± 14.19 2.81 

0.45 45 189.73 ± 12.84 -118.96 ± 6.71 2.80 

0.90 247.98 ± 14.32 20.14 ± 7.16 2.83 

0.45 50 228.26 ± 11.14 12.70 ± 5.59 2.76 

0.90 564.35 ± 43.48 -146.79 ± 21.76 2.73 

Table 2 Results of residual stress with conventional turning 

Depth of cut 
ap (mm) 

Feed f (mm) Residual normal stress (MPa) Residual shear stress 
(MPa) 

FWHM 

0.5 0.45 435.47 ± 56.48 -102.11 ± 28.25 3.35 

0.90 613.95 ± 25.49 -35.09 ± 12.76 3.04 

3. EVALUATION OF RESIDUAL STRESSES 

Experimental residual stress measurement under all conditions has a tensil character. Such orientation of 

residual stresses in the material can lead to cracks. For the comparison of the stresses, experimental 

measurements were made under the same conditions as a conventional turning tool. The smallest internal 

stresses were achieved by setting the tool at an angle λs = 30° and feed f = 0.9 mm, where the residual stresses 

introduced into the material were 125.25 ± 14.19 MPa. 

4. CONCLUSION 

The highest residual stress was achieved using a conventional tool at feed rate f = 0.9 mm. The residual stress 

was 613.95 ± 25.49 MPa. Acceptable residual stress values were achieved under all tested unconventional 

tool conditions up to λs = 50° and feed f = 0.9 mm, where the residual stress was 2 - 3 times higher than the 

other measurements. The size of residual stress under the conditions mentioned was 564.35 ± 43.48 MPa. 

For the optimal cutting conditions in terms of residual stresses introduced into the material, a larger experiment 

would have to be carried out at different cutting speeds and cutting edge. Also, the size of the secondary 
cutting motion (feed f) has a significant effect on residual stresses. Table 1 and Table 2 also evaluates the 

FWHM parameter for which the chip machining does not have a significant effect. This parameter reflects the 

particle size of the material structure, and therefore the machining method does not affect it. 
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Abstract  

The hybrid coatings prepared on aluminum substrates were the object of a study of their tribological properties. 

An amorphous oxide layers Al2O3 were obtained on aluminum alloy EN AW 5251. The top coatings were sol-

gel matrices with embedded nanoparticles of inorganic fullerene-like tungsten disulfide IF-WS2. The coatings 

were coupled with two kinds of plastic TG15 and PEEK/BG in order to measure their tribological properties as 

wear intensity and friction coefficient. Scanning electron microscope and surface adhesion were also studied.  

Keywords: Composite coatings, sol-gel method, inorganic fullerene-like tungsten disulfide, tribological  

         properties 

1. INTRODUCTION 

Aluminium alloys belong to a group of materials which are widely used in motorization, aircraft or food industry, 

where light weight or corrosion resistance is required. The anodic aluminum oxide (AAO) coatings, made on 

the substrate of aluminum alloys, are particularly useful as protective coatings in varied application. By molding 

the AAO on the substrate of aluminum alloys during the anodic oxidation process, we obtain the material with 

improved hardness, which is corrosion resistant with good wear properties. In recent years many studies have 

been focus on modification of AAO and aluminium alloy. One of these methods is sol-gel protective coatings 

which can improve corrosion resistance of alloy surface in various corrosion mediums and practical application 

[1]. Sol-gel protective coating are also environmentally friendly and then they are interesting as replacements 

for chromium based conversion coatings. Conde at al. [2] prepared sol-gel corrosion protective coatings on 

aluminium alloy using spin coating method. Fori at al. [3] showed the colloidal suspension conductivity is a key 

parameter in electrophoretic deposition of nanoparticles inside a AAO. Liu at al. [4] explored titanium coatings 

on anodized aluminum surface which were obtained by a vacuum dip-coating method in TiO2 colloidal solution. 

They proved that such coatings effectively inhibit the aluminum corrosion in sterile seawater. The analyze of 

interaction between silane based sol-gel chemistries and anodised layer including the pore penetration and 

compare corrosion performance on different anodised aluminium layers were done by Whelan [5]. Kumar at 

al. [6] proposed one-step anodization/sol-gel deposition of cerium doped silica-zirconia coatings on aluminium. 

Those investigations mainly paid attention to corrosion protection or optical investigation or current/voltage 

studies. Despite the breadth of research concerning sol-gel coatings and also an information about limitation 

of adhesion of inorganic coatings, to the best of our knowledge little research has been published in term of 

tribological properties of such coatings. The objective of the present work is to investigate the tribological and 

physical and chemical properties of Al2O3/IF-WS2 coatings obtained by sol-gel method. To this purpose 

microstructural analysis, X-ray diffraction, tribological tests and adhesion tests were conducted. 
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2. MATERIALS AND METHODS 

2.1. Experimental 

The substrate under a colloidal solution of IF-WS2 coating was an amorphous Al2O3 oxide layer obtained on 
aluminum alloy. The Al2O3 oxide layer was obtained on aluminum alloy EN AW 5251 via electro-oxidation 
method route, which is described elsewhere [7] as a first step. The 3-glycidoxypropyltrimethoxysilane 
C9H20O5Si (GLYMO, Sigma Aldrich), aqueous colloidal silica SiO2 (LUDOX 34 wt.%, Sigma Aldrich), ethanol 
C2H5OH and distillated water H2O, in the molar ratio: 0.15:0.5:0.5:2.5 was used to prepare the solution of 
organic precursor. The 5 % of inorganic fullerene-like nanoparticles of tungsten disulfide IF-WS2 
(NanoMaterials Ltd) with respect to the total weight of the solution were added. The solution of organic and 
inorganic network were mixed and hydrolyzed by 1 hour in 50 ±1 °C using magnetic stirrer with speed of 
600 rpm/min. The substrate sheet of 10-3 m2 size was dip-coated in sol. In to better homogenization and 
dispersion of IF-WS2 the ultrasound treatment was used by 30 min. The samples were thermally treated at 
150 °C in air. 

2.2. Microstructural characterization 

The worn surfaces and fresh cross-section structures of the layers were analyzed by a HITACHI S 4700 
scanning electron microscope (SEM) with a NORAN Vantage digital energy dispersive X-ray microanalysis 
(EDS) system. In order to analyze the surface and fresh cross section of the samples were coated by carbon 
coating (sample xC) using thermal evaporation technique - Cressington Carbon Coater 208, time 2 x 20-30 
seconds, current 80-100 A. 

2.3. Tribological properties measurements 

Tribological measurements were performed on a T17 tester, a pin-on-plate in a reciprocating motion, at room 
temperature, at the humidity of 30 ±5 %, using 0.5 MPa pressure at an average sliding speed of 0.2 m/s in dry 
friction conditions. The tribological test was conducted for sliding distance of 15 km. The commercial TG15 
and PEEK/BG plastic pins of a 9 x10-2 dm in diameter were used as a counter-body. The plastic TG15 is a 
modified version of the standard PTFE (polytetrafluoroethylene), which was filled with graphite. The 
percentage of added graphite is in the range 15-30 %. The TG15 material is mainly used in heavy-duty slide 
bearings. It is also used in the production of machine parts (bearings and other sliding elements), the 
production of anti-corrosion coatings, insulation, sealing components and valve parts. The counter specimen 
PEEK/BG is polyetheretherketone with PTFE, graphite and carbon fibers of Erta. The friction coefficient was 
measured when a steady state was reached in the friction test. The wear quantity of the TG15 ans PEEK/BG 
plastics was studied by using a WA32 analytical balance with the accuracy of 0.1 mg, after each friction 
process. 

2.4. X-ray diffraction measurements 

X-ray diffraction (XRD) experiments were performed on an X’Pert Philips PW 3040/60 diffractometer operating 

at 30 mA and 40 kV, which was equipped with a vertical goniometer and Eulerian cradle. The wavelength of 

the radiation (λCuKα) was 1.54178 Å. Grazing angle incidence X-ray diffraction (GIXD) patterns were registered 

in the 2ϴ range from 10° to 90° with a 0.05° step for the incident angles: 0.25°, 0.50° and 1.00°. At low α 

angles of incidence, the X-rays penetrate only the uppermost layers of a sample. At higher α angles of 

incidence, the X-rays penetrate deeper into the sample. To maintain comparable intensities of the diffraction 

lines, the conditions for collecting the pattern (step and counting time) were properly adjusted. 

2.5. Adhesion test 

The adhesion test were carried out on an automated Revetest Xpress Plus instrument using a diamond 

Rockwell intender [8]. The following parameters were used: preset load of 1-75 N, scratch 15 mm, load 

increased 50 N/min. Microscopic observation of scratch surface and penetration depth were analyzed.  
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3. RESULTS AND DISCUSSION 

The fresh cross section of Al2O3 oxide layers with sol-gel IF-WS2 coatings is shown in Figure 1a (magnification 

x1000) and Figure 1b (magnification x5000). The Figure 1c shows XRD diffraction pattern of layer presents 

in Figure 1a and Figure 1b. The summary of GIXD diffraction patterns obtained by the test indicates that the 

crystalline phase contains layers of aluminum. Additionally, the presence of IF-WS2 modifier was revealed and 

so-called X-ray "amorphous halo" indicates that part of the material is in the amorphous form. Detailed analysis 

of the diffraction patterns obtained by GIXD method showed that with the increase of the beam angle (α), the 

phases are changed. For the lowest value of α = 0.25°, so the top layer, the crystalline phase Al have the 

largest share. A further increase in the angle of the beam to α = 2.50° reveals the disorders of the crystalline 

unit cell. 

a)  

c)  b)  

Figure 1 SEM images of fresh cross section: a) zoom x1000 (left), b) zoom x5000 (right),  

c) XRD spectra of Al2O3 - sol gel IF-WS2 layer. 

The Figure 2 shows the surface of sample before and after tribological test with TG15 plastic. There is visible 

that sol-gel IF-WS2 coating is continuous and uninterrupted as well as before and after tribological test. As a 

result of friction force the sliding film consists of TG15 and IF-WS2 particle was created. The sol-gel layer of 

IF-WS2 is not removed from the surface of the oxide, but rather under the plastic load of the plastic mandrel, it 

is rubbed into the surface of the oxide. 

 

Figure 2 Image of the surface samples after and before tribological test. 
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In order to tribological test the three of samples were conducted with TG15 and PEEK/BG counters-body. The 
results of tribological test are presented in Figure 3a with TG15 and Figure 3b with PEEK/BG. The first region, 

when a sudden increase in the friction coefficient is present, is created due to the initial contact between the 

pin and the sample. In case of TG plastic the distance for this region is about 2.5 km, while for PEEK/BG is 

about 0.8 km. The second region of the displacement a diminution is present due to a more flat surface, and 

finally in region three when the coefficient is stable. 

a)  b)  

Figure 3 Dependence of friction coefficient vs sliding distance: 

(a) for samples conducted with TG15, (b) for samples conducted with PEEK/BG. 

The graph (Figure 4) reveals a slight increase in the friction coefficient that is associated with a process of 

micro-welding that are formed and destroyed as the pin slips on the probe and as the material wear out allowing 

the formation of new surfaces. These new surfaces have a tribological behavior different from that of the 

original surface. 

a)  b)  

Figure 4 Wear intensity for different samples (a) and average friction coefficient  

for different materials (b) 

The mechanical properties of the coating have been measured on the basis of a visual assessment of the 
crack's perceptibility. Five replicated measurements were made and the results are presented in Table 1. 

Figure 5a shows a sample of the dependence of the friction force and normal force on the scratch length. 

Figure 5b shows a picture of a scratch made on a sample. The variability of the friction force, during normal 

force build-up in relation to the length of the crack, allowed to determine the characteristic points indicating the 

deformation of the tested surface. The adhesion test provided conclusions regarding both the IF-WS2 surface 

layer and the oxide layer obtained on the aluminum alloy. Under the pressure of the Rockwell indenter, the 

outer layer of IF-WS2 was destroyed at the initial force of 1N. The average pressure force of approx.  

Lcc = 11 N may already cause the first cohesive crack in the oxide coating. With an average value of the 

pressure force Lca = 57 N, the first adhesive cracks appear on the layer showing the aluminum alloy substrate 

on which the oxide layer was formed.  
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Table 1 Scratch test measurements 

Scratch number 1 2 3 4 5 Mean 

Cohesive force Lcc (N) 13.42 10.22 8.78 15.91 8.86 11.43 ± 3.13 

Adhesive force Lca (N)  48.60 56.12 53.88 39.36 36.27 46.85 ± 8.75 

   b) 

Figure 5 The dependence of the friction force and normal force on the scratch length. 

4. CONCLUSION 

As a result of the technological process, the hybrid coatings of colloidal solution of IF-WS2 and an amorphous 

Al2O3 oxide layer were obtained on aluminum alloy. The tribological tests showed comparable (including 

deviations) friction coefficient between the coatings and TG15 and PEEK/BG materials, whose average values 

were about 0.22 and 0.26 respectively. As a result of micro-welding a sliding film of the sol-gel layer and plastic 

material were formed. These new surfaces have a tribological behavior different from that of the original 

surface. Adhesion tests showed that the diamond Rockwell intender destroyed the sol-gel layer already at a 

force of about 1N, while the oxide layer withstands a load of 57 N. Above this value the oxide layer were 

destroyed. It will be worth to use, in further investigation, some interesting analytical methods from a materials 

science [9-14] combined with specific applications of the multivariate analysis [15-21] and an image analysis 

[22-25]. 
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Abstract 

This article deals with the use of the FMEA method process in welding processes with the aim to eliminate the 

causes of defects in welded joints. Welded products and their welds require an improvement in quality, both 

visual and structural. By increasing the quality of welded joints, we will achieve customer satisfaction and help 

to reduce costs in terms of the forced repairs of non-conforming pieces. Welding quality is based on the weld 

joint requirements. It is always based on the business contract, on the order, the relevant standards or technical 

conditions. The weld must be inspected and evaluated both on the surface and under the surface. Defects in 

welds are dangerous concentrators of tension that badly affect the limit of fatigue. The application of the 

process FMEA method aims to minimize defects in the welded joints and improve the resulting quality of the 

welded parts in the welded joints. To use this method properly, it is important to describe the welding 

processes, analyse the possibilities of defects and their consequences. 

Keywords: PFMEA, defects, welding, quality, welded joint 

1. INTRODUCTION 

A main trend on the market today is the process of continuous improvement and a quality increase of products 

and production processes. The aim of the production shops is the continuous increase of the requirements for 

better efficiency and the quality of the production. These issues are also discussed in the technological 

processes of welding, to which great demands are placed, mainly concerning the issue of minimizing the 

occurrence of defects in all welded joints, which can negatively influence the quality of the weld. The FMEA 

(Failure Mode and Effect Analysis) method is one of the instruments for guaranteeing the quality of production 

processes with the possibility of carrying out analyses of defects and their consequences.  

This contribution deals with the issue of welding high-carbon steels, which is used in a wide range of 

engineering and transport areas. Namely, it focuses on the mapping out of each kind of defect occurrence, on 

their consequences and the measures for the renovation of rails for railway and urban transport. For this case 

the FMEA method was selected, namely the PFMEA (Process Failure Mode and Effect Analysis) method. 

Thanks to PFMEA a list of occurring defects is made, and an early response to the defects is ensured, and 

there are rules set up for preventive measures, thanks to which these defects can be detected early enough 

and their re-occurrence can be minimised, together with all the related costs. [11] 

The FMEA method was developed in 1949 in the USA as a military regulation, and in 1963 this method was 

further developed by NASA, which applied it in practice during its Apollo project. The historical development 
of the FMEA method is shown in the following table (Table 1). [1,7] 

Table 1 Historical development of FMEA [1] 

The historical development of FMEA 

1963 NASA - Apollo project 1977 Automotive industry 

1965 Aeronautics and space flights 1990 Health service 

1975 Nuclear technology 1999 Non-technical disciplines 
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2. THE APPLICATION OF PROCEDURAL FMEA ON ANALYZING THE DISCUSSED ISSUE 

2.1. The PFMEA application 

The PFMEA method is an important part of the risk management system and it contributes to the continuous 

improvement of process quality. This is an important and also preventive tool that helps to map out all defects 

in the welding processes, to analyse possible risks and further define measures necessary to prevent further 

imperfections. A further reason why it is necessary to introduce FMEA into practice is that this method is 

recommended in quality standard management ISO 9001:2016, and it is more and more required by 

customers, who use it to verify whether the manufacturer carefully examined and evaluated all the risks leading 

to a potential failure of a product. [2,10] 

To apply procedural FMEA for welding rails it is first necessary to process all the supporting documents  

in a form usable to compile the PFMEA form. After processing this data completely, we can move during the 

second stage to an analysis of defects occurring during the rail welding process. In the framework of the defect 

analysis, we are searching for the methods, the consequences and causes of these defects. The methods can 

be defined as the forms of failure during the welding process. After determining how these defects arise a 

determination of their consequences follows. The determination of the possible consequences includes an 

analysis of the defects and their severity. The next step is to determine the causes of defects that can be 

described as activities which can be corrected during the occurrence of defects, and thus prevent them. [3,9] 

In the third phase, an analysis of the measures can be included, which contains the identification and 

assessment of the risks. The determination of the priorities for actions is described by three characteristics, 

which are classified in accordance with the specified tables in the FMEA manual, published by the Czech 

Society for Quality. The criteria are within the range "1 - 10", where the grade 10 is unacceptable for all of the 

characteristics. These features are: Severity (S), Occurrence (O), Detection (D). 

After grading all items the assessment of risks follows, using the priority indicator of a risk - RPN (Risk Priority 

Number). The risk number can be calculated as the product rating the severity, incidence and detection of 

defects. [4,8] 

RPN = S * O * D              (1) 

Where RPN - Risk Priority Number 

 S - Severity 

 O - Occurrence 

 D - Detection 

The final stage in processing the PFMEA method is optimization, where it is necessary to choose a threshold 

value first. Any defects which exceed this value with their final figures (or reaching a high number of severity) 

are further optimized using the measures to reduce their current value (Figure 1). Special attention is paid  

to these defects and special provisions are taken. As the PFMEA is a "live" database it must be constantly 

developed and updated with new findings. [1] 

 

Figure 1 The processing of PFMEA [1] 
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2.2. The issue of welding rails 

The subject here was to apply the procedural FMEA in the matter of rail welding with a view to minimise the 

occurrence of cracks and to establish measures to avoid their recurrence. Specifically, they are welds on  

high-carbon steel rails for the rails of railways and urban transport. The method of welding rails is illustrated in 
the following figure (Figure 2). 

The rails are manufactured from materials of different chemical compositions from the materials used to 

manufacture the railway wheels. This often results in the wear of the rails and wheels, and therefore  

a significant part of the rail surface and the wheels must be renovated. In the case of welding medium and 

high-carbon steels, it is also necessary to preheat the material from 200 to 400 °C, to avoid tempering 

structures in the welds and in any heat-affected areas. This preheating for the rails cannot be done in the case 

of paving or panelling rails. One of the possibilities to substitute this preheating during welding is to ensure an 

adequate heat intake, which shall ensure the gradual reduction of the weld temperature and of its surrounding 

areas. Cracking can also be caused by tension conditions (residual tension) in welded joints. [6] 

Renovation technology belongs to one of the methods which prolong the service life of parts used in 

engineering. The parts are welded using a number of technologies, e.g.: a manually coated electrode, an 

automatic machine under a flux, etc. The rails are manufactured from materials of various chemical 
compositions, which can have an impact on the resulting weld. A suitable weld is shown in Figure 3. [5] 

                               

Figure 2 A groove rail with the upper and lower weld [5]   Figure 3 A suitable weld (1.7x) [5] 

3. AN ANALYSIS OF THE DEFECTS AND THEIR DETECTION IN THE WELDING PROCESSES 

To analyse the occurrence of defects (cracks) for welded rails, individual internal documents containing 

information on welding rails were at disposal, as well as articles and technological procedures. The incidence 

of defects, such as cracks during welding, also influences the maximum carbon content in a weld. Any crack 
on rails and welds is a non-permitted defect (Figure 4). [5] 

3.1. Occurring defects 

Cracks in a weld:  

These are defects that can be observed on the open surface as longitudinal cracks in the axis of the weld 

bead. The cracks in the weld metal were opened by the annealing effect of the heat influence of the side-by-
side laid weld beads (Figure 4). 

Cracks occurring in the basic material: 

They were perpendicular to the welding borderline (within the meaning of the heat gradient).  
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For this defect it was also possible to distinguish the following infringement demonstrations: 

• Transverse cracks intersecting the welding borderline and affecting both adjacent structural areas. 

The length of the cracks was linked to structural changes influenced by the heat cycle of the welding 

process on the side of the welded and even the basic material.  

• Cracks ranging from the lower line of the welding border into the material of a rail. According to 

its direction and opening, we could conclude the result of these cracks. A crack lengthwise showed 

transverse branches, with the influence of the multi-axial state of stress at the place of the weld. 

• Short transcrystalline cracks in the basic material in HIA. They are oriented perpendicular to the 

border of the melt, and they belong to traverse cracks. [5] 

 

Figure 4 The incidence of cracks in the welds [5] 

3.2. Detection of defects 

In the framework of detecting the incidence, the total range, and the influence of the individually described 

defects, other laboratory evaluations were performed: 

• A more detailed analysis of microstructures and their changes due to the technology applied,  

• Evaluation of the hardness and micro-hardness in areas critical to the quality of the welding, 

• An analysis of chemical composition. 

The welds can be further checked using non-destructive tests. 

When providing these non-destructive tests it is necessary to carry them out in accordance with the applicable 

standards and procedures. Non-destructive testing of welds - general rules for metallic materials indicates the 

CSN EN ISO 17635 standard. 

• For the detection of surface defects: Visual test (VT) - CSN EN 13018; Capillary / Penetration test (PT) 
- CSN EN ISO 3452-1; Magnetic method test (MT) - CSN EN ISO 9934-1. 

• For the detection of volume defects: Ultrasound test (UT) - CSN EN ISO 16810; Radiographic 

examination test (RT) - CSN EN ISO 5579. [5] 

4. THE PFMEA FORM FOR THE REMOVAL OF DEFECTS IN RAIL WELDING  

Based on the analysis of defects and their way of detection, all observations were applied into  

a standardised PFMEA form, in accordance with the quality manual. The form always contains the particular 

steps of the process as well as possible ways, causes and consequences of these defects that appear in this 

area. Everything is subsequently evaluated and the RPN risk value is calculated. In accordance with this 
number, subsequently, all defects were determined, which were the subjects of further measures. In Figure 5 

a part of the completed PFMEA form can be seen, showing the occurring raptures. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1149 

 

Figure 5 PFMEA form 

5. OPTIMIZATION TO PREVENT THE CREATION OF DEFECTS IN RAIL WELDING 

The optimisation was performed for those defects which exceed the threshold value above 200 RPN.  
For these defects, a measure was taken (Figure 6) with the aim of minimising the emergence of these defects, 

and thus consequently reduce the RPN risk number to the lowest value possible. 

 

Figure 6 PFMEA form including optimisation 

The measures recommended were: to carefully train all operators and welders, who operate the welding 

equipment, and thoroughly familiarize them with the WPS technological processes, including possible 

consequences if they fail to comply with them. Other recommendations for the better monitoring and detection 

of cracks can be seen in providing extended visual and capillary tests together with an ultrasonic examination 

and the magnetic method. 

6. CONCLUSION 

The subject of this contribution was to apply the method of procedural FMEA (PFMEA) to the processes  

of welding, namely for rails. The aim was to minimise the occurrence of different types of defects and establish 
measures necessary to avoid their recurrence. 

The important part was our analysis of various types of defects, which occurred and may occur during welding. 

For these defects, a proper way of monitoring the welds was defined, in order to determine their frequency of 
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occurrence. After analysing the incidence and the detection of defects, an analysis of their severity was 

provided, with regard to their final influence on applying them in a customer location. 

All the supporting documents obtained in individual analyses have been incorporated into the relevant PFMEA 

form. Using three characteristics (severity, incidence, detection) these defects were rated according  

to the specified tables and the risk RPN number was calculated. In conclusion, for the high-risk RPN number 

defects, it was necessary to optimize them, to prevent their incidence and reduce the final RPN risk number. 

The assessment of the measure used in accordance with PFMEA it is apparent that the largest share of defects 

were cracks, which are mainly occurring as a result of a failure to comply with the speed of welding, or the 

incorrect adjustment of the welding current. The resulting PFMEA can ensure these mistakes are avoided by 

consistent compliance with the procedures of the WPS welding by operators and welders. Any technological 

misbehaviour has a crucial impact on the correct welds. In order to improve the detection of emerging defects, 

additional tests can be carried out using ultrasonic examination and magnetic methods. 
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Abstract 

Hard particles used in combination with iron-based matrix are applied in a wide range of areas. It is used for 

screw conveyors, de-baler knives or mining gear teeth. The weld deposits can be used both in the production 

of these machine parts and in their later repair to increase their service life. The paper deals with the analysis 

of microstructures produced in the weld deposits combining martensitic matrix and 1-2 mm tungsten carbide 

particles. The investigated weld deposit was performed by welding technology using filled electrode Megafil 

A864M in a mixed gas atmosphere (Ar + N). Tungsten carbide particles were added due the vibratory feeder. 

Steel S690QL was used as a parent material. 

The research focuses mainly on the microstructure analysis by electron microscopy (SEM) and the 

investigation of individual phases by diffraction analysis XRD. Using point chemical analysis, the movement of 

individual chemical elements between the base material, the weld deposit and the tungsten carbide particles 

was examined. Part of this paper is focused also on SEM investigation of worn surface of the weld deposit. 

Keywords: Tungsten, carbide, hard-facing, microstructure, weld deposit 

1. INTRODUCTION  

Wear of parts during its operation live have a negative effect on their function. At the moment, there are many 

ways of renovation to extend the service life of individual parts and to reduce the cost of replacing them. Weld 

deposit is one of the methods of repairing not only worn parts but also for enhancing extremely stressed parts 

already in the production process. One of the applications includes tools (cylinders, machining tools, screw 

conveyors, knives, mining teeth, etc.) used for the treatment of soils, rocks, metals and wood. These parts 

have to meet the high demands on their service life, productivity and safety. It must withstand temperatures, 

shocks, wear, etc. In case of wear, it must fulfill the condition of sufficient hardness and surface resistance. On 

the other hand, tool cracks must not occur during vibrations or sudden shocks in operation mode [1,2,3]. 

2. EXPERIMENT 

Megafil A864M in the form of a 1.6 mm diameter filled electrode (for chemical composition, see Table 1) was 

used. This material is commonly used for weld deposits of products exposed to various types of material wear 

in mining industries. The weld metal has a martensitic structure with a hardness of 62-67 HRC. The samples 

were deposited in the protective atmosphere of 50 % Ar and 50 % N2. This gas has been chosen because of 

the possibility of boron nitrides in the weld deposit and possible influence on the resulting properties of the 
weld deposit. As the parent material steel S690QL (for chemical composition, see Table 2) was used. 

Table 1 Chemical composition of filler metal Megafil A864M 

C Si Mn P S 

0.426 0.270 1.050 0.025 0.025 

Cr Ni B Fe  

0.270 1.570 4.620 rest  
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WC07 sample was welded without any tungsten carbide particles. For sample WC05, tungsten carbide 

particles of about 1-2 mm in diameter were added to the molten pool during hard-facing. The welding 
parameters are shown in the Table 3. 

Table 2 Chemical composition of parent material (substrate) S690QL 

C Mn Si S P Cr Ni Cu 

0.20 1.70 0.80 0.01 0.01 1.50 2.00 0.50 

Ti B As N Mo V Nb Fe 

0.05 0.005 0.70 0.015 0.001 0.12 0.06 rest 

Table 3 Welding parameters 

 WC07 WC05 

Welding current 260 A 250 A 

Welding voltage 33 V 27 V 

Welding speed 5-6 mm⋅s-1 4-5 mm⋅s-1 

Gas flow 18 l⋅min-1 18 l⋅min-1 

WC particles (size) No Yes  
(≈1-2mm) 

3. RESULTS 

3.1. Xrd difraction analysis 

WC07 samples produced α-Fe, chromium boride CrB4, carbon nitride C3N4. Probably there is also iron nitride 
Fe3N1.22 and boron nitride BN (see Figure 1). 

 
Figure 1 Xrd difraction analysis of WC07  
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Figure 2 Xrd difraction analysis of WC05  

The WC05 sample (see Figure 2) shows α-Fe, both forms of tungsten carbide WC and W2C and carbon nitride 

C3N4. Furthermore, there is a high probability of occurrence of iron nitrides Fe3N and Fe3N0.94 and Fe3N1.2, 

boron nitride BN and boron carbonite (BN) 0.26C0.74. 

3.2. Chemical analysis by SEM 

Table 4 Chemical analysis of both samples 

WC07 

 Si Cr Mn Fe Ni W 

Weld deposit - 
surface 

0.49 0.51 0.59 97.54 0.87 - 

Weld deposit - 
melting boundary 

0.50 0.55 0.62 97.51 0.83 - 

Substrate -  
HAZ 

0.56 0.75 0.88 97.66 0.15 - 

 

WC05 

 Si Cr Mn Fe Ni W 

Weld deposit - 
surface 

0.43 0.61 0.38 90.45 0.80 7.34 

Weld deposit - 
melting boundary 

0.38 0.57 0.48 87.98 0.95 9.63 

Substrate -  
HAZ 

0.51 0.78 0.91 97.63 0.17 0.00 

In case of WC07 measured elements (silicon, manganese, chromium and nickel) show a steady state in the 
direction from the weld deposit to the parent material within the measured range. Table 4 shows the amount 

of the chemical elements in each region in a wider range. 
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Figure 3 Mapping of chemical elements in the microstructure of weld deposit of WC05  

For sample WC05, amount of tungsten and silicon decreases in direction out of the tungsten carbide particles 
(see Figure 3). At the same time, the iron content of the matrix increases sharply, which then continues into 

the heat-affected area of the parent material. 
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3.3. Abrasion test 

 
Figure 4 Mass loss of both samples after abrasion test  

Table 5 Mass loss of both samples during abrasion test 

Mass of samples (g) Mass loss (g) 

Sample 0 min 12 min 24 min 36 min 48 min 60 min  

WC07 170.367 170.142 169.972 169.730 169.644 169.500 0.867 

WC05a 194.788 194.626 194.485 194.358 194.252 194.157 0.631 

WC05b 180.699 180.582 180.524 180.478 180.435 180.406 0.293 

After abrasion test using rubber wheel you can see in Table 5 and Figure 4, the sample WC05 containing 

tungsten carbide particles (0.631/0.293 g weight loss) has higher abrasion resistance compared to WC07 with 

a weight loss of 0.867 g. Subsequently, a study of the worn surface of the weld deposits was carried out using 

SEM to determine the mechanism of wear of the wear. 

   

Figure 5 SEM analysis of the worn surface of both samples  

The surface of the sample WC07 shows sharp edges, that have been formed by cutting the material with 

abrasive and occur continuously throughout the surface. There are no tungsten carbide particles that would 
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stop the abrasive particles and prevent motion. In addition, a number of scratches can be observed on the 
surface, resulting in the puncture of the material after impact of the abrasive on the surface (see Figure 5). 

At WC05 sample, abrasive paths created by cutting are observed when moving on the surface of the weld 
deposit (see Figure 5). However, there is an impact on tungsten carbide particles, which bounce them away 

from the surface, preventing them from continuing on the surface and its degradation. The gaps occur in 

different directions, formed after the abrasive particles are bounced off the tungsten carbide particle.  

A simulation experiment in an abrasive environment was performed on WC05. After depositing the WC05 

sample, the area fraction of the tungsten carbide particles to the matrix was only 7 - 8 %, which had a negative 
influence on the weight loss of the weld deposit during abrasion (WC05a sample in Table 5). The reason for 

this was the drop of particles towards the melting boundary during welding due to their higher density. The 

experiment consisted of removing a 1.5 mm layer from the weld deposit, which revealed a higher amount of 

tungsten carbide particles on the surface. Their area fraction increased to 24 - 25 % of the surface (WC05b 
sample), resulting in increased abrasion resistance (see Table 5) [4,5]. 

4. CONCLUSION 

The main conclusion we can see in following points: 

• Direct positive influence of presence and volume fraction of tungsten carbide particles in the weld 

deposit on its abrasion resistance. 

• Study of phases and structures produced in the weld deposits combining tungsten carbide particles with 

the matrix with an increased content of boron using protective atmosphere of a mixture gas of argon 

and nitrogen resulting in appearance of boron nitrides or carbonitrides. 

• Performance of an area chemical analyzes describing layout of chemical elements in the structure of 

weld deposits. 
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Abstract 

In this paper, the authors attempt to select the technological parameters of laser padding of spring steel. The 

coating material was prepared in the form of Al2O3 powder paste. Laser coated specimens were subjected to 

tribological tests of abrasion resistance, hardness, microstructure and elements distribution in the coating. The 

conducted tests indicate that the technology of laser padding with powder paste is feasible. Obtaining a coating 

with interesting properties depends on the selection of laser processing parameters.  

Keywords: Laser padding, spring steel, laser treatment, ceramic coatings 

1. INTRODUCTION 

The operational durability of technical components used in machine building is an important feature regarding 

the wear and reliability of equipment and machine assemblies. Usually, these elements are subjected to heavy 

mechanical loads, tribological wear and fatigue processes during the operation [1]. The surface wear results 

in the deterioration of the object’s functional properties. This may be due to various physical and chemical 

processes that accompany the operation. The wear mechanism, affecting the damage to machine parts, is 

complex and combines many related factors. The most important of them include [2,3]: the size and type of 

mechanical load, the slip speed of the rubbing surfaces, process temperature, hardness and structure of 

rubbing surfaces, roughness of working surfaces, corrosive environment, type of abrasive material, working 

surface friction coefficient, duration of the wear process. 

The trends currently prevailing in the global technology market signal new design and manufacturing challenges. 

Hence the necessity to improve physical and mechanical properties in many materials and structural components 

of technical devices. Manufacturers use state-of-the-art materials all the time and use regenerative processes - in 

particular surface treatments such as laser padding. The purpose of the surface treatment is to cure the surface 

layer of structural elements by using abrasion-resistant metal alloys. The use of coatings on native materials allows 

to increase their operational durability [4]. This allows to reduce energy and material losses as well as to increase 

the quality of products. Surface treatment gives the opportunity to improve tribological properties (resistance to 

abrasive wear), resistance to mechanical loads, resistance to corrosive and erosive effects, resistance to 

temperatures and resistance to unfavorable working conditions. Surface treatment allows for the replacement of 

high-alloy steels with medium and low-alloy steels coated with the outer layer [5,6]. Padding is the process of 

covering the surface of components with layers of another metal or composites. It involves welding combined with 

the simultaneous melting of substrate. This treatment requires enormous accuracy and precision so that the coating 

layers adhere tightly and are free from cracks or pores. Laser padding is one of the methods of obtaining tribological 

coatings on the surface of the treated elements [7]. 

2. RESEARCH METHODOLOGY AND RESEARCH AND MEASUREMENT TOOLS 

In order to carry out the laser padding process and perform tests on specimens with the obtained coatings, the 

following research and measurement tools and procedures were used: 

1) The laser padding experiment was carried out on a TRUMPF TruFlow 6000 CO2 laser with an installed 

mirror head generating a rectangular beam with dimensions of 20 x 2 mm. 
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2) During the padding process the temperature was measured by OTTRIS G5H monochrome pyrometer. 

3) Microscopic examinations of the obtained surface quality were performed on the Hirox KH-8700 digital 

microscope, whereas structural studies on the Nicon Eclipse MA200 optical microscope. 

4) The distribution of elements in the resulting coating was studied using a JEOL JSM-7100F scanning 

microscope. 

5) The abrasion resistance test was conducted on the tribological T-07 tester with the following parameters: 

rotational speed of rubber disc (counter-specimens) V = 60 rpm, contact load F = 1510 G (14.8 N), test 

time t = 10 min (the test was performed in five 10 minute cycles). 

6) Hardness was measured using the MMT-X3A microhardness tester, Vickers test was conducted with the 

following operating parameters: load F = 1000 G (9.8 N), dwell time t = 30 s, reading accuracy: 0.01 µm. 

3. PREPARATION OF SPECIMENS AND ORGANIZATION OF THE PADDING STATION 

Specimens made of 50 HF spring steel were prepared in the form of 30 x 30 x 5 mm cuboids. The chemical 
composition of steel is presented in Table 1 (the steel type was identified by EDS analysis using the JEOL 

JSM-7100F and additionally the sulphur and carbon content was investigated by means of the CS230CH 

analyzer). 

Table 1 Chemical composition of 50 HF steel according to PN-74/H-84032 standard [8] 

Steel 
code 

Percentage of elements (%) 

50HF 
C Mn Si S max P max Cr Ni max V 

0.46 - 0.54 0.50 - 0.80 0.15 - 0.40 0.03 0.03 0.8 - 1.1 0.40 0.10 - 0.20 

The increase in the specimen surface was achieved by sandblasting with the EB90 electroround. The surface 

increase will improve the adhesive connection with the Al2O3 paste. A layer of Al2O3 paste with a thickness of 

0.6 mm was applied to the prepared surface of the specimen. The specimens prepared in such a manner were 

placed in a specially designed operating holder. The holder was installed on the workbench of TRUMPF 
ThruFlow 6000 laser machine. The working station and process are presented in Figure 1. 

     

Figure 1 a) view of the laser welding station with the mounted specimen: 1 - reflecting laser head,  

2 - specimen with the applied Al2O3 paste, 3 - OPTRIS G5H optical pyrometer; b) the laser padding process 

a)                  b) 
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The laser padding experiment was carried out for the following laser parameters: 

• Specimen a): power: 4500 W, speed: 1000 mm/min, measured surface temperature ~1500 °C 

• Specimen b): power: 6000 W, speed: 1000 mm/min, measured surface temperature ~1800 °C 

After the laser padding a microscopic evaluation of the specimen surface was performed, the crystal structure 

was examined, the distribution of elements in the coating was determined, the tribological test was carried out 

on the T-07 tester and the microhardness was measured. 

4. EXAMINATION OF THE OBTAINED COATINGS  

 One of the first and basic studies is focused on assessing the quality of the obtained coating by macroscopic 

evaluation. The obtained coatings are homogeneous, but the surface waviness is visible. Microscopic 
examinations revealed pores in both cases as shown in Figure 2 and Figure 3. The surface porosity of the a) 

specimen is considerable, and the pores have a size of 80 - 300 microns. The surface of the b) specimen also 

has pores, but they are not so numerous and their size is insignificant in comparison with the a) specimen. 

  

Figure 2 Coating surfaces at x200 magnification, specimen a), specimen b) 

  

Figure 3 Surface topography of the obtained coatings, specimen a), specimen b) 

The analysis of the steel structure after the laser padding process is extremely important. It permits the 

identification of the phase changes occurring during padding and provides the fundamental knowledge about 

the material properties. A fragment of the test specimen was polished and digested with the nital reagent 

(Mi1Fe). The examination revealed a fine-grained ferritic-pearlitic structure as the starting structure of spring 

steel.  

Based on the observation of the microstructure, it can be concluded that both specimens have structures 
similar to each other - Figure 4. The differences are insignificant and refer only to the depth of the HAZ. For 

both specimens, a clearly applied coating can be observed on the surface. Under the coating in the HAZ an 

idiomorphic ferrite (plate) can be found, which indicates too high temperature in this zone. Generally, such 

structures are characterized by brittleness. Under this structure in the HAZ one can observe a coarse ferritic-

a)                  b) 

a)                  b) 
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pearlitic structure with a native material underneath - a fine-grained ferritic-pearlitic structure. In order to 

homogenize the structure some heat treatment after the padding process should be planned. What is primarily 

undesirable is the structure of plate ferrite, which can affect the elastic properties of steel. 

  

Figure 4 Structure of specimen with the magnification of the characteristic zones after laser padding: 

a) Fusion line. Above - Al2O3 coating (thickness about 50 µm), below 50HF steel - plate ferrite, b) Heat-

affected zone (HAZ) (thickness about 600 µm) - idiomorphic ferrite (plate), c) HAZ (thickness about 400 µm) 

- ferritic-pearlitic structure, grain expansion, d) Native material, fine-grained ferritic-pearlitic structure. 

It is possible to clearly determine whether the Al2O3 coating was formed on the surface of the specimens by 

making X-ray qualitative and quantitative phase analysis. Unfortunately, the authors do not have access to the 

X-ray analyzer. Therefore, the content of particular elements in the presumed coatings and immediately 

underneath were analyzed quantitatively. The element distribution analysis at the specimen surface and 

theoretical calculations of each element percentage will provide basis for the hypothetical considerations 

whether the Al2O3 coating was formed on the surface of the specimen [9]. The element distribution in the 

relevant specimen coating parts was analyzed accordingly. The graphs were prepared for specimen a). 
Figure 5 shows the view of the measurement path of the density distribution of elements and graphs of the 

distribution of particular elements: oxygen, aluminum and iron. 

a) 

 

 

 

b) 

 

 

 
c) 

 

 

 
d) 
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Figure 5 a) The measurement path of the density distribution of selected elements. On the left one can see 

the coating and the native material underneath. Density distribution of aluminum along the measurement 

path: b) aluminum, c) oxygen, d) iron. 

Based on the analysis of the graph presenting the density distribution of aluminum and oxygen in the specimen, 

it can be assumed that in this case the Al2O3 coating was formed. Due to the above, the different elements in 
the coating were identified quantitatively. Table 2 presents the results of the percentage share analysis.  

Table 2 Percentage distribution of elements in the investigated coating. 

 O Al Si Ca Cr Mn Fe Total 

Avarage 
distribution 43.50 39.25 1.13 0.95 0.77 2.03 6.88 100.00 

    

Figure 6 a) distribution of microhardness on the specimen surface, b) Mass loss after abrasion resistance 

test (tribological tester T-07) 

Based on the calculations [9] it is assumed that it is highly likely that the an Al2O3 coating was in fact formed. 

To determine the tribological properties, the hardness was measured and an abrasive wear test was carried 

out. The results of testing specimens with the formed coatings were compared with the results obtained for a 
non-cladded specimen (reference specimen) - Figure 6. 

c)                        d) 

a)                        b) 

a)                               b) 
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5. CONCLUSIONS  

Both specimens are characterized by a longitudinally wavy surface on which there is a noticeable white coating 

presumably with Al2O3. The direction of the observed waviness coincides with the direction of the laser beam 

shift. Most probably, the inequality geometry is related to the unevenness of the beam's power distribution along 

its length (multi-mode beam). Microscopic analysis revealed the occurrence of numerous pores on the surface. 

Their size was estimated at between 80 and 300 micrometers. The expanding gases in the padding pores of 

caused a significant detachment of the coating from the surface of the specimen. The remaining amount has 

been remelted and is characterized by a glassy appearance and porosity. The reason for the formation of the 

pores could be too much aeration of the Al2O3 paste which, being mixed with an organic binder, absorbed a large 

amount of gases. The paste did not contain stabilizers in the form of e.g. titanium oxide. After laser padding of 

the specimens, an increase in the hardness of their surface was observed. With the laser operation parameters 

of P = 4500 W and v = 1000 mm/min, the hardness increased approx. four times compared to the hardness of 

the reference specimen. It is a significant increase. With a laser power of 6000 W and the same feed speed of 

the laser head, the hardness increased slightly, hence the conclusion that in order to obtain a satisfactory effect, 

the appropriate parameters should be selected for laser padding. 

Summing up: 

1) The tests showed that the technology of laser padding of Al2O3 coatings is feasible. 

2) Obtaining the coating with the interesting properties depends on the appropriate selection of laser 

processing parameters and the type and sequence of thermal treatment. 

3) During the investigation it was demonstrated that the Al2O3 coating significantly increases the durability 

of the components. 

4) Observed surface porosity unfortunately renders the technology commercially unviable. Further 

attempts should be made to make the surface geometrically homogeneous. 

5) It is suggested that the coating should be stabilized by adding approximately three percent of TiO2 to 

the Al2O3 paste. 
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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, feed f = 0.044; 0.062; 0.083; 0.106 mm/rev 

and cutting depth ap = 0.25; 0.375; 0.5; 0.625; 0.75; 0.875; 1.0 mm. The goal of the paper was to define the 

influence of treatment conditions on cutting forces and temperature. Chemical composition of steel was 

measured by Solaris-ccd plus optical spectrometer. 

Keywords: Finish turning, cutting forces, cutting temperature, 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 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1164 

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 centers, including the Gdynia Maritime University, deal with issues related to the turning surface 

of the difficult-to-machine [5-13]. 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 results of influence of changing cutting parameters during turning of shafts made of 

stainless steel on the cutting forces and temperature. 

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 for the cutting process 

Cutting speed Vc = 226 m/min 

Depth of cut (mm) 

0.25 0.375 0.5 0.625 0.75 0.875 1.0 

Feed (mm/rev) 

0.044 0.062 0.083 0.106 

Analysis of the chemical composition of the sample material was carried out on a Solaris-ccd plus spectrometer 
(Figure 2a). It is an optical emission spectrometer with spark excitation by GNR. It performs the analysis of 

solid samples and metal alloys of different matrices. Percentage contents 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 observed by 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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Austenitic steels containing 8 % Ni have the preferred combination of machinability, mechanical properties and 

corrosion resistance. They are the most important group of corrosion resistant steels and have a significant 

share in the production of stainless steels. Machining of stainless steels is classified as group of materials 

difficult to machining process [14].  

Figure 3 shows the results the influence of cutting parameters on the measurement of Fc force. The highest 

mean value of force Fc (443 N) was obtained for a cutting depth equal 1 mm and feed 0.106 mm/rev. For each 

value of the depth of cut, as the feed increases, the value of the Fc force increases too. 

 

Figure 3 The influence of cutting parameters on Fc (N) 

Figure 4 presents the analysis of the effect of changing the parameters ap and f on the value of the feed force. 

For cutting depths in range 0.25 to 0.875 mm, the mean value of feed force did not exceed 100 N. The highest 
mean values of force Ff were observed for a cutting depth equal 1 mm with value of feed in range 0.062, 0.083 

and 0.106 mm/rev.  

 

Figure 4 The influence of cutting parameters on Ff (N) 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1167 

Figure 5 shows the results the influence of cutting parameters on the measurement of Fp force. The mean 

value of the resulting force does not exceed 110 N for depth of cut in range 0.25 ÷ 0.75 mm. Significant increase 
of value force was observed for ap equal 0.875 ÷ 1 mm. The highest mean value of force Fp (226 N) was 

obtained for a cutting depth equal 1 mm and feed 0.106 mm/ rev. 

 

Figure 5 The influence of cutting parameters on Fp (N) 

Figure 6 presents the results of the basic analysis of temperature measurements during the turning process. 

The influence changing of depth of cut and feed on the change of temperature on the rake face insert 

removable cutting tool at a distance of 2 mm from the cutting edge was measurement. The cutting process 

was carried out dry. For the turning process in the depth of cut range 0.25 to 1.0 mm, the mean value of 

temperatures in the range of 319 to 578 °C were obtained. Increasing the depth of cut to 0.875 and 1 mm for 

value of feed in range 0.062 ÷ 0.106 mm/rev caused the rise temperature on rake surface above 442 °C. The 
highest value of T = 578 °C was obtained for the turning process with ap = 0.625 mm and f = 0.106 mm/rev. 

Large values of standard deviation of temperature measurements indicate interference of the measurement 

by the temperature rise of the continuous chips. 

 

Figure 6 The influence of cutting parameters on T [°C] 
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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.  

Obtained results of force and temperature measurements during cutting process allow to determine the most 

favorable treatment condition (depth of cut and feed at constant value of cutting speed) for the finish turning. 

The selection of optimal cutting parameters ensure obtaining the required quality of the geometric structure of 

surface and proper formation of short chips during the turning process. 

Additionally, the research results of the influence of treatment conditions on the geometric structure of surface, 

an analysis of other surface roughness and material ratio will be performed. The final step of research will be 

comparing the results obtained with measurements of the surface topography. The multiple regression 

equations for both surface roughness and cutting forces will also be determined. 
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Abstract  

Corrosion of reinforcing steel is one of the main reasons of reinforced concrete structures deterioration, which 

is caused primarily by chlorides. Electrochemical chloride extraction (ECE) and electrochemical injection of 

corrosion inhibitor (EICI) are promising techniques eliminating this adverse effect. Both the techniques are 

based on application of electric field. Electrochemical chloride extraction from a reinforced concrete structure 

may be accompanied with an electrochemical injection of healing agents if such agents are positively charged 

and are able to migrate towards the activated reinforcement. The right choice can be positive charge carried 

by cationic corrosion inhibitors. Tests have been applied on real samples of concrete with various corrosion 

inhibitors using diffusion or migration methods. After the corrosion inhibitor application, the migration ability of 

the individual inhibitors was monitored. Comparison of migration ability of inhibitors was based on 

concentration profile in various depths. In addition to migration, corrosion inhibitors have been tested for 

sufficient corrosion inhibition efficiency that was studied in chloride containing concrete pore solution. 

Keywords: Concrete, reinforcement corrosion, electrochemical chloride extraction, injection of corrosion  

  inhibitors 

1. INTRODUCTION 

A reinforced concrete is economical and widely used construction material. However, reinforcing steel in the 

concrete is often subject to corrosion damage [1]. The steel embedded in fresh concrete is covered on its 

surface by a thin layer of iron oxide, because of a high alkalinity of pore water in the concrete. The pH ranges 

are from 12.5 to 13 in the concrete, therefore steel stays in a passive state in agreement with the Pourbaix 

diagram of iron [2,3]. A process of corrosion in the concrete is most often done in two ways. The first one is 

accelerating steel corrosion by carbonation of concrete. Formation of CaCO3 by reaction of carbon dioxide 

from the atmosphere reduces the alkalinity of the concrete [4]. The formed thin rust layer on the steel has no 

protection character, that’s why the steel is very sensitive to corrosion in the medium of pH-region of the iron-

water system [2]. Second mechanism is penetration of chloride ions (originate from seawater and de-icing salt, 

etc.) into the concrete pore system to cause an extensive pitting corrosion of steel reinforcement [5]. Level of 

the chloride ion in the concrete may be reduced by the use various methods, which can achieve recovery of 

passive layer.  

One of the possible examples is cathodic protection or cathodic prevention. However, cathodic prevention is 

designed to protect steel in concrete even before the onset of chloride-induced corrosion [6,7]. Other possible 

way to recovery reinforcement concrete structure je realkalization [8]. To the next method can be an 

electrochemical chloride extraction. Otherwise also called electrochemical chloride removal. 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 the steel components of the reinforced concrete structure to undergo rehabilitation, with 

the migration of chloride ions from the concrete for several weeks [9,10]. The second method with using electric 

field is electrochemical injection of corrosion inhibitors into to concrete. This method is very similar to the 
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method of electrochemical chloride extraction. While the electrochemical chloride extraction only uses alkaline 

solution for rehabilitation [11], in this method, corrosion inhibitors are added to the solution. The electric field 

is introduced between the cathode (in our case it is a steel placed in concrete) and anode. The anode is in 

most cases external and is located on the surface of the reinforcement concrete structure. It is mesh made of 

activated titanium or stainless steel immersed in the aqueous solution of a corrosion inhibitor [12].  

Corrosion inhibitors can increase the lifetime of a reinforced concrete structure by prolonging the corrosion 

initiation time (with an increase of the critical chloride threshold) [13]. The reports [3,14] present basic 

information related to the basic mechanism of study, which gives information about the classification of 

inhibitors and it's the mechanism of protection.  

A corrosion inhibitor suitable for electrochemical injection should fulfill several conditions. Very important is 

their existence in a cationic form in an aqueous medium under the given conditions. The inhibitor must provide 

sufficient protection against corrosion in the chloride ion environment. Therefore, corrosion inhibitors based on 

amine or alkanolamine are a promising choice when stable in their cationic form under given conditions with 

respect to concrete pore solution pH. These inhibitors may be surface-applied and used to rehabilitate existing 

structures [15] or pass into hardened concrete through an external electrical mesh. 

The aim of this study was to determine the migrating ability of selected corrosion inhibitors to real samples of 

concrete.  

2. EXPERIMENTAL PART 

2.1. Corrosion inhibitors 

During the experiment, two cationic corrosion inhibitors were tested. All information about them are 

summarized in Table 1. During the experiment concentration of 0.423 mol.l-1 for solution was used. This 

concentration was determined from the critical chloride content for activation of corrosion process. The value 

of critical chloride content is 0.4 weight % of Cl- per cement, while at normal humidity concentration of Cl- will 

be 15 g.l-1 in concrete pore solution. After, this value was converted to mol.l-1 and is equal to 0.423 mol.l-1  

of Cl-. 

Table 1 Used corrosion inhibitors 

Name Chemical purity 
(%) 

Molar Weight 

(g⋅mol-1) 
pH of solution Supplier 

Tetrabutylammonium bromide 
(ReagentPlus®) 

≥ 99.0 322.37 6.9 
Sigma - Aldrich 

Tetrabutylphosphonium 
bromide 

98.0 339.33 4.9 

2.2. Concrete specimens 

Real concrete specimens were used for this experiment. For the preparation of 1m3 of OPC concrete 

specimens were used the components listed in Table 2. From this mixture, concrete cylinder specimens with 

dimensions of 100 mm in diameter and 50 mm in height were cast. The specimens were kept in water for 28 

days. Afterwards, the specimens were dried at 105 °C. As shown in Figure 2, unexposed surface of the 

specimens was painted by a synthetic paint IZOBAN (Detecha). Water-to-cement ratio corresponded to 0.8. 

This value corresponded to low quality of concrete [16]. Poor quality of concrete been chosen on purpose for 

accelerating the transport processes.  
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Table 2 Composition of OPC concrete 1m3 

Components Mass (kg) 

Cement (grade CEM I 42.5R) 262 

Water 210 

Sand (grain size 4 - 8 mm) 1150 

Aggregate (grain size 4 - 8 mm) 291 

Aggregate (grain size 8 - 16 mm) 582 

2.3. Electrochemical technic 

The concrete cylinder was fixed in between two chambers with the volume of 0.5 l for anolyte and catholyte. 

Stainless steel mesh was built in the chamber parallel to the both flat surface of the concrete specimen at the 
distance app. 3 mm, how to show in Figure 1. 

 
Figure 1 Experimental cell for electrochemical treatment 

 

Figure 2 Concrete specimen between anolyte chamber and catholyte chamber 

The catholyte chamber (in Figure 2, on right side) was filled with 3 % NaCl solution and the anolyte chamber 

was filled with corrosion inhibitors. Concentration of corrosion inhibitor was 0.423 mol⋅l-1. Constant current with 
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value 2.53 mA and 16.65 mA was applied between stainless steel mesh electrodes. These values correspond 

to current density of 1 A⋅m-2 or 5 A⋅m-2. Constant current was introduced by the Radelkis OH-404/A 

potentiostat, which was used as galvanostat. Galvanostatic mode was used for electrochemical chloride 

extraction with simultaneous electrochemical injection of corrosion inhibitor. The current flow was measured 

by means of the METEX M 3650 multimeter and recorded by means of the METEX Control Software Client 

every 5 min. The resulting voltage was recorded by using of the IEC1010-1 voltmeter. 

2.4. Method of analysis 

After the extraction and/or injection, two 5 millimeters thick slices were taken from the catholyte (NaCl solution) 

side of the concrete cylinder and three 5 millimeters thick slices were taken from the anolyte (inhibitor solution) 

side in order to determine the concentration profile of the injected inhibitor across the concrete cylinder. The 

slices were pulverized using a laboratory mill and the powder was dried at 80 °C overnight. The amount of 20 

grams of the powder was then mixed with 50 ml of distilled water and the mixture was ultrasonicated for 1 

hour. The liquid phase was separated from the solid by means of centrifugation and analyzed. The guanidine 

concentration was determined by a mass spectrometer LC-MS LTQ-Orbitrap Velos. The chloride concentration 

was determined by an absorption spectrophotometer FIA lab 2000. 

The concentration profile obtained by electrochemical injection was compared with that resulting from a plain 

diffusion. The diffusion experiment was set exactly in the same way as the electrochemical injection, except 

the current that wasn´t introduced.  

3. RESULTS AND DISCUSSION 

3.1. Tetrabutylammonium bromide (TBAB) 

The chloride extraction process (can be seen in Figure 3 a)) has been significantly affected by the use of an 

electric field. While in the test of spontaneous diffusion, the concentration values were small, in units mmol⋅l-1 

(concentration of chloride ions or inhibitor in the extract). When current density 1 and 5 A⋅m-2 was applied, the 

values of concentration of chloride ions increase to tens mmol⋅l-1. At the highest current density used, chloride 

ions were able to get through the whole sample at a relatively high concentration, up to app. 7 mmol⋅l-1. With 

regard to TBAB, it was injected only within 10-15 mm of the sample surface.  

 

a) 

 

b) 

Figure 3 Concentration profiles: a) concentration profile of chloride ions after 7 days exposure  

and b) concentration profile of TBAB after 7 days exposure  
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Figure 3 b) shows the concentration profiles for the individual test methods, as without the electric field in the 

same way and with the established electrical field. As can be seen, during spontaneous diffusion, the inhibitor 

concentration on the surface of the sample is quite high, but the direction away from the surface concentration 

rapidly decreases, and the next section/segment is almost undetectable. When using a current density of 1 

and 5 A⋅m-2, the inhibitor concentration on the surface of the sample is almost twice as high. In the second and 

third sections, the concentration gradually decreases to about 0.2 mmol⋅l-1. It can be seen from the 

concentration profile (Figure 3 b)) that when applying TBAB, the current density value of 1A⋅m-2 is more 

advantageous. 

3.2. Tetrabutylphosphonium bromide (TBPB) 

Figure 4 shows individual concentration profiles as for chloride ions and for inhibitors. During spontaneous 

diffusion, we observe the same action as that of TBAB, but at 45-50 mm, chloride ions chloride ions haven´t 

been detected. At the introduction of a current density of 1 A.m-2, the concentration of chloride ion on the 

sample surface increased, but only to the second cut. The current density of 5 A.m-2 appears to be very 

promising for the extraction of chloride ions. By using this current density, it was possible to get the largest 

amount of chloride ions through the sample. With respect to the inhibitor, no significant changes have been 

observed here either in spontaneous diffusion or in the application of the electric field. The values of 

concentration of corrosion inhibitor were approximately the same for all three methods tested.  

 

a) 

 

b) 

Figure 4 Concentration profiles: a) concentration profile of chloride ions after 7 days exposure and b) 

concentration profile of TBPB after 7 days exposure  

4. CONCLUSION 

Use electrochemical chloride extraction using a current density of 5 A⋅m-2 appears to be a possible method for 

removing chloride ions from reinforcement structure. Promising results were obtained when a TBAB was used 

as a corrosion inhibitor, which at the application of the current density 1 and 5 A⋅m-2 reached a depth of 10-15 

mm but the concentration at that depth wasn´t significant.  
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Abstract 

Planar micro structuring of thin metallic layers allows to achieve required surface properties of metallic layers 

covering bulk materials. Recently, the arrangement of micro holes or pillars placed around the primary spiral 

according to a phyllotactic model was presented. This deterministically aperiodic planar arrangement was used 

for benchmarking purposes of the e-beam writer patterning. This arrangement based on single primary spiral 

and a variety of derived secondary spirals has several interesting properties. One of them is a very low ratio 

between the area populated by individual micro elements and the length of the primary phyllotactic spiral. This 

paper presents analysis of the phyllotactic spiral length and the rising gradient at the spiral outer edge. The 

practical part of the presented work deals with the patterning of a thin silver layer deposited on the silicon or 

glass substrates using e-beam pattern generation, lithography techniques and related technologies. An 

interesting impact of the mentioned spiral properties on the e-beam writing strategies and the exposure 

ordering strategy are also discussed.  

Keywords: Metallic thin layer, planar surface structure, phyllotactic spiral, e-beam writer 

1. INTRODUCTION 

This paper deals with planar metallic microstructures that are arranged according to a phyllotactic spiral model 
distinguished by visible parastichy. Planar micro structuring of thin metallic layers allows to achieve required 

surface properties of metallic layers covering bulk materials. Recently, the arrangement of micro holes or pillars 

placed around the primary spiral according to a phyllotactic model [1] was presented. This deterministically 

aperiodic planar arrangement was used for benchmarking purposes of the e-beam writer patterning [2]. This 

arrangement based on single primary spiral and a variety of derived secondary spirals has several interesting 

properties. This phyllotaxy based arrangement found a lot of applications in various fields, e.g. in biology [3], 

specific tiling arrangement [4], and magnetic resonance [5], to mention just a few of them. Also, when the 

seeds of the phyllotaxy model are represented by submicron optical primitives, the planar structure may have 

interesting light scattering [6], photoluminescence [7] or other color effects [8]. The arrangement is of high 

interest in the field of diffractive optically variable image devices [9]. This paper presents analysis of the primary 

phyllotactic spiral length. The practical part of this work deals with the patterning of a thin silver layer deposited 

on the silicon or glass substrates using e-beam pattern generation, lithography techniques and related 

technologies [10].  

2. METHOD 

We introduce the method by referencing the schematic image depicted in Figure 1. Here, one can see the 

primary continuous spiral of the Fermat's type with ~ 21 convolutions (Figure 1a). Figure 1b shows the same 

spiral plotted with a thicker line, in this case the outer part of the spiral can be no longer distinguished. 
Figure 1c and Figure 1d show the same spiral (in blue) but now, the coordinates of the sampled spiral seeds 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1176 

(phyllotaxy arrangement [1]) is appended (55 red dots). Figure 1e shows only the seeds from the previous 

figure, the primary spiral being erased. In the Figure 1f, the seeds are connected in a way that the scheme of 

secondary spirals sets appear. Two spiral sets are plotted, one set of 8 counterclockwise spirals (in black) and 

another set of 13 clockwise spirals (in green). 

The Fermat's spiral length is deduced in Appendix A, equations (A.1-A.9). The sampled spiral has a divergent 

angle ϕ 0 as follows: 

×f � 2� Φ&⁄ ;  Φ � �1 + √5�/2 (1) 

Now, we should match the equations of Fermat's spiral (A.1) and the equation of Vogel's spiral -rVogel = c √(ϕ / ϕ 

0). Equations (2) and (3) shows an example for a divergent angle ϕ 0. Equations (2) and (3) put together results 

in relation between the Fermat's metrics factor a and the Vogel's metrics factor c. 

Læf,�}IÃ�� � ©À2� Φ&⁄  (2) 

Læf,��|}~ � � (3) 

© � �Φ/√2�  (4) 

Next, the total spiral angle of the Fermat's spiral - t1 in the equation (A.9) - is N times the divergent angle ϕ 0 of 

the sampled spiral: 

½D � N 2�/Φ&  (5) 

The total spiral length of the sampled Fermat's spiral is derived from the equation (A.9) by substituting a and 

t1 from equations (4) and (5), respectively. 

� � �4� 3Φ&⁄ ��N√N  (6) 

3. EXPERIMENT 

The previously discussed sampled spiral arrangement was performed as a planar structure with sub micron 
resolution. Basic parameters are selected as follows: sampled metrics factor c = 600 nm and the number of 

seeds N = 2.25e9 (2 250 millions). The diameter of the structure (dmax = 2 c √N) is approximately 57 mm 

(~ 56.920 998 mm). The total length of this primary spiral is estimated according to equation (6) 
~ 102 456. 226 439 052 km, that is circa twice and half larger than the Earth perimeter. The planar structure 

is made of thin silver layer (thickness 100 nm) sputtered on the master prepared by e-beam lithography in the 

electron resist (PMMA) layer spin coated on a silicon wafer. 

4. RESULTS 

Experiment results are demonstrated by the following figures. Figure 2 is a metallographic microscope view 

of the central part of the planar structure. Secondary or derived spirals (crisscrossing spirals or parastichy in 

botany) are easy to be recognized, but the primary spiral (cf. Figure 1) is no more visible. Inlayed image shows 

a rank of few seeds close to the pole (center) of the arrangement. Figure 3 is a similar view as the previous 

one, now the arrangement is shown in a better resolution using the SEM (scanning electron microscopy). 
Figure 4 is again a light microscopy view (approximately ten times lower magnification than the one used in 

Figure 2). Here, however, the structure is not enlighten axially but from the side. One may recognize new 

visible patterns resulting from the light diffraction on the discussed spiral structure. Similar patterns (in fact 
self-similar patterns) are visible by the naked eye as it is demonstrated in Figure 5 (camera shot of the whole 

spiral structure with 2.25e9 seeds, diameter of 57 mm). 
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Figure 1 Schematic construction of the spiral arrangement (phyllotactic model); see details in text 

  

Figure 2 Central part of the spiral arrangement with the detailed view inlay; light microscope 

 

Figure 3 Central part of the spiral arrangement with the detailed view inlay; electron microscope 
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Figure 4 Central part of the spiral arrangement; light microscope, lighting from the left side 

 

Figure 5 Complete spiral arrangement, circle diameter of 57 mm approximately 

5. DISCUSSION 

Silver micro drop. Given the size of the silver thin layer (outer planar structure diameter dmax = 57 mm, silver 

layer thickness t = 100 nm), the equivalent micro drop sphere has a volume (V = t . π . dmax
2 / 4) of 0.255 mm3, 

from that the equivalent sphere radius (V = π . req
3 . 4 / 3) req of 0.393 mm can be derived. It might be fairly 
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supposed that the sampled Fermat's spiral presented here is the world lengthiest spiral made from the 

minimum volume of material. 

6. CONCLUSIONS 

Planar micro structuring of thin metallic layers allows to achieve required surface properties of metallic layers 

covering bulk materials. The deterministically aperiodic planar arrangement originally used for benchmarking 

purposes of the e-beam writer patterning was exploited for the micro structuring of a thin silver layer. This 

arrangement is based on single primary spiral and a variety of derived secondary spirals. Presented silver 

planar structure in the specific arrangement achieves the spiral length of 102 thousand kilometers. This way, 

the power of e-beam lithography used for structuring of metallic layers was successfully demonstrated. 
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APPENDIX A: ARC LENGTH OF FERMAT’S SPIRAL 

We start from the basic description of the Fermat's spiral in the following form: 

L � ©À× � ��×�, × ∈  `0, ×Da (A.1) 

A particular formula for the arch length in this case is 

� � b À�&�×� + ��c�×��&!× � ©
2b d1 + 4×&

× !×.
æç

f

æç

f
 (A.2) 

Using polar coordinates yield functions 

¹ � L ∙ cos ½ , º � L ∙ sin ½ (A.3) 

giving × � ½ and L � ©√½ for the functions 

¹�½� � ©√½ ∙ cos ½ , º�½� � ©√½ ∙ sin ½ (A.4) 

results in 

� � b À�¹c�½�& + º′�½�&!½ �
æç

f
©
2b d1 + 4½&

½ !½,
æç

f
 (A.5) 

which corresponds to the formula (A.1) stated in the beginning, L � ��×�. 
Therefore, we would like to solve the binomial integral 

� � ©
2b d1 + 4½&

½ !½ � ©
2b ½�D

&�1 + 4½&�D
&!½

æç

f

æç

f
� ©

2b ½Ã
�
! �© + +½���!½ (A.6) 

for o � � D
& ,  � 2, ¸ � D

& . 

Since none of the numbers 
Ã	D

� � D
d , Ã	D

� + ¸ � )
d  is a whole number, the standard substitutions cannot be used. 

If we use for example a substitution, where ½ � ¸& for ¸ ? 0, !½ � 2¸!¸, ¸ ∈ < 0,√½D >, we get 

� � b À1 + 4¸d!¸,
√�ç

f
 (A.7) 

which is a complicated elliptical integral that is solved using special mathematic functions.  

Instead of using the classical Taylor’s expansion, a more precise estimation may be used, where 

À1 + 4¸d ~ À4¸d � 2¸& (A.8) 

Using this estimation within the integral in the equation (A.7), we get a formula for the spiral length 

� � ©À½D ∙ 2
3 ½D. (A.9) 

The final equation (A.9) is very handy to use and also it is adequately precise, particularly when the Fermat's 

spiral becomes very large. 
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Abstract 

Surface layers enriched with Al and Si were fabricated on an AZ91D substrate using thermochemical treatment 

in solid media. The AZ91D specimens were heated in an Al+Si powder mixture acting as a source of diffusion 

elements. Two temperatures were applied: 430 oC and 445 oC. The microstructural characterization of the 

layers was performed using an optical microscope and a scanning electron microscope equipped with an 
energy-dispersive X-ray spectrometer (EDS). The layer produced at 430 oC had a thickness of 50 µm; the 

structure was composed of intermetallic Mg17Al12 and Al3Mg2 phases and an Mg2Si phase. When a higher 

temperature (445 oC) was used, the layer was much thicker (600 µm) and the structure was predominantly a 

eutectic (an Mg17Al12 intermetallic phase + a solid solution of Al in Mg) with agglomerates of Mg2Si phase 

particles distributed over the eutectic matrix.  

Keywords: Magnesium alloy, thermochemical treatment, diffusion, surface layer, microstructure 

1. INTRODUCTION 

Low density and high strength-to-weight ratio make Mg alloys attractive as structural materials for applications 

where weight reduction is critical, so they are widely used in the automotive and aerospace industries. 

However, low hardness and poor wear resistance, which are undesirable, limit their use in high performance 

applications. There are several ways to improve the mechanical properties of magnesium alloys. One 

approach is to introduce alloying elements and fabricate new alloys with superior properties. Another is to 

fabricate Mg-matrix composites with various types of reinforcement. Research results concerning the 

fabrication of Mg-matrix composites reinforced with an Mg2Si phase [1-4] show that Mg2Si is a promising 

reinforcement material because of its excellent properties such as low density (1.99 g/dm3), high melting point 

(1085 oC), high Young modulus (120 MPa) and high hardness (350-450 HV0.01) [2,5,6]. Some studies have 

focused on the deposition of Mg2Si coatings [6] or the fabrication of alloyed surface layers containing Mg2Si 

phase on an Mg-based substrate [7-17]. As indicated in [6], the deposition of a thin film of an Mg2Si phase on 

an AZ31 substrate by RF sputtering led to better corrosion and wear resistance of the Mg alloy. Layers 

containing Mg2Si particles on Mg-based substrates are fabricated mainly by laser alloying/cladding [7-16] and 

by casting [17]. Modified surface layers provide superior protection against wear [8,11,12,14-17] and corrosion 

[7,8-10,12,14,15]. 

This paper discusses the use of thermochemical treatment to enrich AZ91D surface with Al and Si. Previous 

studies by Mola show [18,19] that this method can also be employed to fabricate Al-, Al/Zn-, Zn/Al-enriched 

layers on an Mg substrate. An Al-enriched layer produced from pure Al powder had a eutectic structure (a solid 

solution of Al in Mg + Mg17Al12) [18]. Al/Zn-enriched layers produced from Al+20% Zn and Al+40% Zn powder 

mixtures consisted of Mg17(Al,Zn)12, Mg5Al2Zn2 and a solid solution of Al and Zn in Mg [18]. A Zn/Al-enriched 

layer fabricated from Zn+20% Al was characterized by a microstructure consisting of areas of a eutectic 

(Mg5Al2Zn2 and a solid solution of Al and Zn in Mg) and areas of a eutectoid (MgZn and a solid solution of Al 

and Zn in Mg) [19]. Data from recent research [20] suggest that the heat treatment of Mg in contact with an 

Al+20 % Si powder mixture results in the formation of an alloyed surface layer containing an Mg17Al12 

intermetallic phase and an Mg2Si phase. Since pure Mg is rarely applied as a structural material, this study 

was conducted for AZ91D alloy used as a substrate material. 
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2. EXPERIMENTAL PROCEDURE 

The specimens with dimensions of 50 x 20 x 10 mm were cut from an AZ91D ingot composed of (in wt%) Al - 

9.5, Zn - 0.8, Mn - 0.27 and Mg - balance. The surface preparation involved grinding with up to 800 grit SiC 

paper, cleaning with ethanol and drying. The thermochemical method was used to fabricate an alloyed surface 

layer on the AZ91D substrate. The process was conducted in solid media. An Al 80 wt.% + Si 20 wt.% powder 

mixture was used as a source of alloying elements. The morphologies of the Al and Si powders are shown in 
Figure 1. 

  

Figure 1 Morphologies of the powders used for the Al+20%Si mixture: (a) Al, (b) Si 

 

Figure 2 Schematic diagram of the thermochemical treatment process: 1 - steel container,  

2 - container lid pressed down, 3 - layers of aluminum foil to seal the container 

The AZ91D specimens were placed in a steel container and embedded in the Al+Si powder mixture. The 

container was closed and placed in a vacuum furnace. During the heat treatment process, the powder in the 

container was held under a pressure of 1 MPa to ensure good contact between the source of diffusion elements 
and the AZ91D substrate. A schematic diagram of the process is provided in Figure 2. The specimens were 

heated from room temperature to 430 oC or 445 oC for 30 min, kept at that temperature for 30 min and cooled 

in the furnace back to room temperature. The specimens removed from the container were cross-sectioned 

and prepared for microscopic observations using a standard metallographic technique. The structure analysis 

was conducted with a Nikon ECLIPSE MA 200 optical microscope (OM) and a JEOL JMS-5400 scanning 

electron microscope (SEM). The chemical composition of the structural constituents of the fabricated layer 

was determined by means of an Oxford Instruments ISIS 300 EDS system attached to the SEM. 
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3. RESULTS AND DISCUSSION 

Figure 3 shows a cross-section of an AZ91D specimen with a surface layer enriched with Al and Si produced 

by heat treatment at 430 oC. As can be seen, the surface layer is thin and its structure differs from that of the 
AZ91D substrate. It has a thickness of about 50 µm. The OM image in Figure 3 (a) reveals a light matrix and 

an irregularly distributed gray phase area. In the SEM image in Figure 3 (b) two sublayers can be distinguished 

in the light matrix. The darker (marked 1) is close to the AZ91D substrate while the lighter (marked 2) is close 

to the surface. The quantitative EDS analysis indicates that the chemical composition of the darker sublayer 

(Mg - 59.04 at.% and Al - 40.96 at.% Al) corresponds to an Mg17Al12 intermetallic phase, whereas that of the 

lighter sublayer (Mg - 39.78 at.% and Al - 60.22 at.%) is similar to an Al3Mg2 intermetallic phase. The linear 

distribution of elements shows that the gray area is rich in Si. The results of the EDS analysis obtained for this 

area (point 3: Mg - 66.34 at.%, Si - 31.4 at.% and Al - 2.26 at.%) indicate the presence of an Mg2Si phase. 

 

 

Figure 3 Microstructure of the AZ91D surface layer enriched with Al and Si through thermochemical 

treatment at 430 oC: (a) OM image, (b) SEM image with EDS line scan results showing the distribution 

of elements along the index line 

As observed from Figure 4(a), the heat treatment of the solid AZ91D in contact with the Al+Si powder mixture 

at a temperature of 445 oC, with the other parameters remaining unchanged, led to the formation of a much 
thicker surface layer. The layer had a thickness of about 600 µm. Figure 4(b) presents the layer microstructure 

observed near the AZ91D substrate. The interface is not flat. The microstructure of the AZ91D alloy contains 

a solid solution of Al in the Mg area and large regions with a lamellar structure of a solid solution and an 
Mg17Al12 intermetallic phase. The high magnification image in Figure 4(c) reveals clear plate-shaped 

precipitates of the Mg17Al12 phase in these regions. As can be seen in the upper part of the figure, the alloyed 

layer very close to the substrate has a two-phase structure. Moving further from the substrate, the layer 

microstructure contains single gray particles or agglomerates of gray particles co-occurring with the two-phase 
structure. The high magnification image in Figure 4(d) shows the area of the alloyed layer with agglomerates 

of gray particles. 
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Figure 4 Low and high magnification OM images of the microstructure of the AZ91D surface layer fabricated 

at 445 oC: (a) surface layer, (b) and (c) area adjacent to the AZ91D substrate, (d) area further from the 

substrate. 

  

Figure 5 SEM images of AZ91D enriched with Al and Si through thermochemical treatment at 445 oC; EDS 

line scan results showing the distribution of elements along the index line: (a) lower magnification, (b) higher 

magnification. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1185 

Figure 5(a) shows a low magnification SEM image of the alloyed surface layer fabricated at 445 oC. The EDS 

line scan results indicate a high concentration of Mg, Al and Si. It can be seen that the distribution of Si is 
highly irregular and Mn and Fe occur locally. The higher magnification image in Figure 5(b) reveals a two-

phase structure rich in Mg and Al with grey areas rich in Si and white particles rich in Al, Mn and Fe. 

 

Figure 6 Higher magnification image of the layer microstructure. 

Details of the layer microstructure are presented in Figure 6. Table 1 provides results of the quantitative EDS 

analysis for the marked points. The two-phase structure is composed of light and dark phases. The chemical 

composition of the light phase (analysis at points 1 and 2) refers to an Mg17Al12 intermetallic phase. A small 

amount of Zn was detected in the Mg17Al12 phase areas. Zn is present in AZ91D as an alloying element. The 

literature data [21] show that Zn can substitute some of the Al in the Mg17Al12 intermetallic phase. The 

composition of the dark phase (analysis at points 3 and 4) corresponds to a solid solution of Al in Mg. According 

to the Mg-Al phase diagram [22], the results suggest that the two-phase structure is a eutectic composed of 

Mg17Al12 and a solid solution of Al in Mg. There are agglomerates of gray particles over the eutectic. The results 

of the EDS analysis for these particles (analysis at points 5 and 6) indicate an Mg2Si phase. The chemical 

composition of the white particles observed in the layer close to the AZ91D substrate (e.g., Al - 57.75 at.%, 

Mn - 39.41 at.%, Mg - 1.46 at.%, Si - 1.07 at.%, Fe - 0.31 at.%) reveals a multicomponent phase rich in Al and 

Mn. The AZ91D alloy contains 0.2 Mn; hence the presence of the phase in the layer close to the substrate. 

The white particles observed closer to the surface (e.g., Al - 11.27 at.%, Mn - 0.27 at.%, Mg - 9.20 at.%, Si - 

59.47 at.%, and Fe - 19.79 at.%) are also a multicomponent phase but richer in Si and Fe. The occurrence of 

multicomponent particles rich in Fe in the layer close to the surface is due to the fact that the Si powder 

contained Fe as an impurity. 

Table 1 Results of the EDS quantitative analysis corresponding to the points marked in Figure 6 

Point 
Mg Al Zn Si 

(at.%) 

1 62.84 36.80 0.36 - 

2 63.68 36.02 0.30 - 

3 91.75 8.25 - - 

4 90.44 9.56 - - 

5 67.00 2.69 - 30.31 

6 69.79 2.34 - 27.87 

The formation of the alloyed layer on the AZ91D substrate was assumed to proceed as follows. Heating the 

AZ91D in contact with the Al+Si powder mixture resulted in the diffusion of Al and Si atoms into the substrate. 

During heat treatment, the concentration of Al and Si in the top surface layer increased; new phases formed 
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as a result of the reaction between the alloying elements of the powder mixture and the elements of the 

substrate material. The application of a lower heating temperature, i.e., 430 oC, led to the formation of a thin 

modified layer with a microstructure indicating that the reaction at the substrate/powder mixture interface 

proceeded in the solid state. The presence of the eutectic in the microstructure of the layer fabricated at the 

higher temperature (445 oC) indicates that the reactions at the interface proceeded with the contribution of the 

liquid phase. The formation of the liquid phase accelerated the inter-diffusion of the elements; the layer 

produced under such conditions was much thicker. The large amount of precipitates of the Mg17Al12 

intermetallic phase in the AZ91D close to the layer indicates that, during the thermochemical treatment 

process, Al diffused deep into the AZ91D substrate making the area adjacent to the surface layer richer with 

this element. 

4. CONCLUSIONS 

This paper has demonstrated that it is possible to fabricate an Al and Si-rich surface layer on an AZ91D 

substrate by thermochemical treatment in solid media (powder mixture with 80 wt% of Al and 20 wt% of Si). 

The experimental data show that the microstructure of the layer was dependent on the heating temperature. 

At both temperatures (430 oC and 445 oC), one of the structural constituents of the surface layer was an Mg2Si 

phase. The layer produced at 430 oC had a thickness of about 50 μm and contained Mg17Al12 and Al3Mg2 

intermetallic phases and an Mg2Si phase. When a higher temperature (445 oC) was applied, the layer was 

much thicker (about 600 μm) and it had a eutectic structure (an Mg17Al12 intermetallic phase and a solid solution 

of Al in Mg) with agglomerates of Mg2Si phase particles. 
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Abstract 

The set of five bronze vessels from the Late Bronze Age was found near to the Lidice village in 2014. The 

copper (I) chloride - nantokite was identified in a mixture of corrosion products. Nantokite is exposed to the 

surrounding atmosphere after excavation of the bronze vessels from a soil. Nantokite reacts with moisture and 

oxygen in the air to form basic copper chlorides. Basic copper chlorides have a larger volume than nantokite. 

The volume change of corrosion products leads to disintegration of metal core along the grain boundaries. 

Such a type of bronze corrosion damage is called bronze disease. The aim of the study was to suggest 

preservation coating system with the lowest oxygen permeability. The acrylic based lacquers (Paraloid B72 

and Paraloid B48N), waxes (beeswax and microcrystalline wax) and corrosion inhibitor 1,2,3-Benzotriazole 

(BTA) were tested. Efficiency of monolayer and double layer preservation systems was compared. The double 

layer preservation system has performed the lowest oxygen permeability compared with the other tested 

substances. The inner layer is formed of the acrylic lacquer Paraloid B48N with addition of BTA and an outer 

layer is made of the microcrystalline wax with BTA addition.  

Keywords: Copper alloys, preservation, lacquer, wax, oxygen permeability  

1. INTRODUCTION 

The set of five bronze vessels from the Late Bronze Age was found near Lidice (the village closed to Prague) 

during archaeological excavations in 2014. Inserted in each other they were stored in a rather shallow pit on 

the south outskirts of a vast prehistoric settlement area on the left bank of Lidice stream. The vessels are dated 

to the Late Bronze Age. Particularly, they come from 9th to 8th century BC (Štítary Culture, Ha, B3). Museum 

of Central Bohemia in Roztoky has owned bronze vessels since 2014 [1]. 

The vessels were covered in an uneven layer of black-green corrosion products and soil. The biggest vessel 

was damaged by cracks due to mechanical deformation or specified corrosion process (Figure 1). 

The vessels are made of bronze - a copper-tin alloy. It is common material in history, it has been used since 

3500 B.C. Bronze alloys originating from Late Bronze Age contain up to about 14 wt% tin and belongs to 

bronze with low tin content [2].  

Bronze alloys have a good corrosion resistance in inner and outer atmospheric conditions due to formation of 

a natural patina. A composition of a natural patina depends, among other, on amount of atmospheric pollutants 

in the air. Usual bronze natural patina is composed of copper (I) oxide, copper (II) carbonate hydroxide and 

copper (II) hydroxide sulphate in urban environments. Copper (II) chloride hydroxide is possible to identify in 

a natural patina of bronze artifacts exposed to marine environments [3]. A natural patina based on copper (I) 

sulphide can be formed on bronze artifacts due to presence of reduced sulphur compounds especially in inner 

atmosphere of museums and archives (e.g. hydrogen sulphide and carbonyl sulphide) [3,4].  
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Figure 1 Damage of the biggest bronze vessel 

However, a bronze as well as other copper alloys, suffers from the presence of some pollutants in the air and 

corrodes. Especially, environment containing volatile organic acids such as acetic or formic acid leads to the 

corrosion of bronze alloys in activity. Wood, some paints, display cases or degradation of organic materials 

are common source of volatile organic acids in inner atmosphere of museums and archives [3].  

Ozone, hydrogen peroxide, ammonia, nitrogen oxides, or ammonium sulphate could be sources of active 

corrosion damage of copper and copper alloys in atmospheric and a soil conditions, too [4]. 

Bronze disease is specific corrosion damage of bronze alloys. This type of corrosion is associated with 

archaeological bronze finds and their excavation from a soil. The copper (I) chloride (nantokite) is formed in a 

natural bronze patina of bronze artifacts due to lower concentration of oxygen in a soil electrolyte. A natural 

bronze patina with nantokite is exposed to atmospheric humidity and higher concentration of oxygen after 

excavation of bronze artifacts from a soil. It leads to formation of basic copper chlorides (atacamite, 

paratacamite) from nantokite (1), (2) [3,5]. 

6CuCl + 1½O2 + 3 H2O → 2Cu2Cl(OH)3 + 2Cu2+ + 4Cl-                                                                                     (1) 

2Cu + 2Cu2+ + 4Cl- → 4CuCl                                                                                                                (2) 

The forming salts have larger volume than nantokite resulting in an increase of internal stress in a bronze alloy 

especially along the grain boundaries. It leads to formation of cracks within the material. The cracks could lead 

up to the disintegration of bronze artifacts. 

A large amount of nantokite was identified in corrosion products of the found bronze vessels. Since nantokite 

oxidation could cause bronze disease and crack formation within the bronze material, the aim of the study was 

to suggest preservation coating system with the lowest oxygen permeability. The low oxygen permeability of 

preservation coating system slows down oxidation of nantokite to basic copper chlorides and limits the 

possibility of formation the other cracks within bronze material.  

2. EXPERIMANTAL PROCEDURE 

The specimens were compressed from copper powder and nantokite in the ratio 1:2. The specimens were 
prepared such a model of natural patina of founded bronze vessels (Figure 2).  
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Figure 2 The compressed specimen from copper powder and nantokite  

The acrylic based lacquers (Paraloid B72 = B72 and Paraloid B48N = B48N) and waxes (beeswax = BS wax 

and microcrystalline wax = MC wax) with 3 wt.% addition of corrosion inhibitor 1,2,3-Benzotriazole = BTA and 

without BTA were used for preparation of the preservation solutions. The concentration of the all preservation 

solutions were 10 wt.% and all of them were prepared by dissolving in xylene. The preservation solutions were 

applied on the surface of the specimen by a brush. Monolayer and double layer preservation systems were 

prepared. The eight types of monolayer preservation system were tested: Paraloid B72, Paraloid B48N, BS 

wax and MC wax without BTA and with 3 wt.% addition of BTA. Types of double layer preservation system are 
shown in Table 1. The specimens were exposed above a solution of 30 wt.% hydrogen peroxide at RH = 98 

wt.% for 24 h. 

Table 1 Types of double layer system  

 Type 1 Type 2 Type 3 Type 4 

The first layer B72 B48N B72 B48N 

The second layer BS wax BS wax MC wax MC wax 

 Type 5 Type 6 Type 7 Type 8 

The first layer B72 + BTA B48N + BTA B72 + BTA B48N + BTA 

The second layer BS wax BS wax MC wax MC wax 

 Type 9 Type 10 Type 11 Type 12 

The first layer B72 B48N B72 B48N 

The second layer BS wax + BTA BS wax + BTA MC wax + BTA MC wax + BTA 

 Type 13 Type 14 Type 15 Type 16 

The first layer B72 + BTA B48N + BTA B72 + BTA B48N + BTA 

The second layer BS wax + BTA BS wax + BTA MC wax + BTA MC wax + BTA 

* The first layer is inner at the metal surface 

Oxidation rate of nantokite to basic copper chlorides was determined with XRD analysis (XRD diffractometer 
PANanalytical X´Pert PRO) and digital image analysis (optical microscope EMZ-13TR with Quck Photo 

Industrial 2.3). Oxygen permeability of monolayer and double layer preservation systems with addition BTA 

and without BTA was compared. 

3. RESULTS AND DISCUSSION 

The oxidation rate of nantokite was characterized as a multiple of Increase in basic copper chlorides content 

on the metal surface after exposure with respect to the content of basic copper chlorides on the metal surface 

before exposure.  
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3.1.  The specimens without preservation systems 

In the case of specimens without preservation systems, the basic copper chlorides content increased after 

exposure approximately 40.0 times.    

3.2.  The monolayer preservation systems without addition of BTA  

The BS wax was identified as the preservation layer with the lowest oxygen permeability. In the case of BS 

wax, the basic copper chlorides content increased after exposure by a factor of 7.2. Contrary to that, in the 

case of the MC wax, the content of basic copper chlorides increased 14.0 times. The acrylic based lacquers 

(B72 and B48N) showed higher oxygen permeability compared to both the waxes. The content of basic copper 

chlorides on the metal surface after exposure increased approximately 19.5 times in both cases.   

3.3.  The monolayer preservation systems with addition of BTA 

The addition of 3 wt.% BTA to the preservation layers significantly degreased oxygen permeability even though 

the wax-free and lacquer-free layer formed only by 3 wt.% BTA deposition showed the highest oxygen 

permeability of all tested systems. The basic copper chlorides content increased after exposition approximately 

38.5 times in this case.  

In the case of 3 wt. % BTA addition to preservation systems, both the waxes (BS wax and MC wax) were 

identified as the preservation layer with the lowest oxygen permeability. The basic copper chlorides content 

increased after exposure by a factor of 2.0. Contrary to that, the acrylic based lacquers (B72 and B48N) with 

addition of 3 wt.% BTA showed much higher oxygen permeability. The content of basic copper chlorides on 

the metal surface after exposure increased approximately 15.5 times in both cases.  

3.4.  The double layer preservation systems without addition of BTA 

The double layer systems Type 2 and 4 (Table 1) were identified as the preservation double layer systems 

with the lowest oxygen permeability. In this case, the basic copper chlorides content increased after exposure 
approximately by a factor of 2.0. Contrary to that, in the case of the double layer system Type 1 (Table1), the 

content of basic copper chlorides increased 5.8 times. The highest oxygen permeability was shown for the 
double layer system Type 3 (Table1). The content of basic copper chlorides on the metal surface after 

exposure increased approximately 14.0 times in this case.  

3.5.  The double layer preservation systems with addition of BTA to the first layer          

The double layer systems Type 6 and 8 (Table 1) were identified as the preservation double layer systems 

with the lowest oxygen permeability. In this case, the basic copper chlorides content increased after exposure 

approximately by a factor of 1.7 for the Type 8 and by a factor of 2.3 for the Type 6. Contrary to that, in the 
case of the double layer system Type 5 (Table1), the content of basic copper chlorides increased 5.0 times. 

The highest oxygen permeability was shown for the double layer system Type 7 (Table1). The content of basic 

copper chlorides on the metal surface after exposure increased approximately 6.3 times in this case. 

3.6.  The double layer preservation systems with addition of BTA to the second layer  

Similar to the previous results the systems with B48N were identified as better preservation systems with lower 
oxygen permeability compared to those based on B72. In the case of systems Type 10 and Type 12 (Table 1), 

the basic copper chlorides content increased after exposure approximately 3.0 times and 4.2, respectively. 
The highest oxygen permeability was shown for the double layer system Type 9 and 11 (Table1). The content 

of basic copper chlorides on the metal surface after exposure increased approximately 5.3 times in both case.   
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3.7.  The double layer preservation systems with addition of BTA to the both layers 

The double layer system Type 14 and 16 (Table 1) were identified as the preservation double layer systems 

with the lowest oxygen permeability. In this case, the basic copper chlorides content increased after exposure 
approximately by a factor of 2.0. Contrary to that, in the case of the double layer system Type 15 (Table1), the 

content of basic copper chlorides increased 3.7 times. The highest oxygen permeability was shown for the 
double layer system Type 13 (Table1). The content of basic copper chlorides on the metal surface after 

exposure increased approximately 4.3 times in this case. 

The results of XRD analysis (Chapters 3.1. - 3.7.) were compared with the results of the digital image analysis. 

The results obtained from both methods correspond to each other (Figure 3). 

 

Figure 3 Comparison of the XRD results and digital image analysis results 

The tested double layer preservation systems showed lower oxygen permeability compared with the 

specimens without coatings and with the majority of specimens covered by monolayer preservation systems 
(Figure 3). In comparison with the acrylic lacquers (B72 and B48N), much lower oxygen permeability was 

observed on specimens treated with both waxes (BS wax and MC wax).   

4.  CONCLUSION 

The aim of study was to suggest preservation coating system with the lowest oxygen permeability for five 

bronze vessels from the Late Bronze Age found near Lidice in 2014. For this purpose, the acrylic based 

lacquers (Paraloid B72 and Paraloid B48N), waxes (beeswax and microcrystalline wax) and corrosion inhibitor 

1,2,3-Benzotriazole (BTA) were tested.  

The double layer preservation systems with addition of BTA showed the lowest oxygen permeability of all 

tested preservation systems. Since the oxygen permeability of Paraloid B48N is lower compared to that of 

Paraloid B72, Paraloid B48N was evaluated as the best first (inner) preservation layer. The microcrystalline 

wax with addition of BTA is the best option for a second (outside) preservation layer. The oxygen permeability 

of both the waxes (microcrystalline wax and beeswax) with addition of BTA is comparable. However, the 

beeswax contains many types of organic and volatile organic compounds which can cause corrosion of copper 

alloys. Therefore, the beeswax is not suitable as a preservation layer in this case.    
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Abstract  

Thermal spraying technology today belongs to manufacturing technologies that significantly reduce production 

costs while achieving high utility performance. The paper focuses on the methodology of testing of selected 

technological tests, especially bending and twist tests, metallography and porosity analysis of layers made by 

HVOF technology. The above tests are used by standard for the quality control during production. Proper 

implementation and evaluation are key to detecting possible imperfections during production and the possibility 

of repairs. Sprayings samples were based on WC-Co, Cr3C2-NiCr, Stellite 6 made by HVOF technology on JP 

5000, JP 8000 equipment’s. 

Keywords: HVOF, bending test, twist test, metallography, porosity 

1. INTRODUCTION 

The high velocity oxy fuel (HVOF) process is reported to be versatile technology and has been adopted by 

many industries due to flexibility, cost effectiveness and the superior quality of coating produced. Due to the 

high impact velocity of particles the coating shows a high adhesive strength, high cohesive strength of 

individual splats, high density and low porosity [1-3]. Many thermal and thermo-chemical surface treatment 

techniques are being used to modify the surface of the material with desired properties for various applications 

in service. Nowadays, high velocity oxy-fuel (HVOF) spray is being widely used in industrial applications due 

to its ability to produce a high-quality coating with required hardness and low oxide content due to its high 

velocity impact inherent in the process. Porosity and hardness are two important coating properties for wear 

and corrosion related applications, and they play a significant role in the service life of the components. 

2. MATERIALS AND TECHNOLOGY USED 

The experiments were provided on the HVOF sprayed hard metal coatings. For experiment were used three 

typical commercial HVOF coatings WC-Co, Cr3C2-NiCr, Stellit 6 produced by Praxair. The coatings were 

sprayed by HP/HVOF JP-5000®, JP-8000® (TAFA) spraying technology with standard preparation procedure 

on the grit blasted substrate of carbon steel (S355). To design the set of the spaying parameters, the 

parameters recommended by the powder producer was used as a reference. The chemical composition   

Table 1 Chemical composition WC-Co 88/12 

W  Co (%) C (%) Fe (%) 

base 10.5 - 13 5.2 - 5.6 0.20 

Table 2 Chemical composition Cr3C2-NiCr 75/25 

Cr (%) Ni (%) C (%) O (%) 

base 18 - 22 9 - 11 max. 0.60 

Table 3 Chemical composition Stellite 6 

 Co  Cr (%) C (%) Si (%) W (%) Other  

base 26.5 - 29.5 0.9 - 1.4 0.5 - 1.5 3.0 - 5.0 Fe, Ni, Mo, Mg 
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3. MECHANICAL TESTING 

Mechanical operation tests are very important for quality control. These tests can be detected during the 

production of disagreements in spray parameters. The actual execution of the test should be performed 

repeatedly before the start of production. A typical number of samples is three for each test. If larger coating 

thickness or several coating types are used, it is necessary to adjust the test parameters for both the bending 

mandrel diameter, bending angles and torsion angle. 

3.1. Bending test 

For bending testing, it is used three 150 x 25 x 1,5 mm samples shall be coated in order in perform the bend 

test. The coatings thickness shall be 0.15 mm. The samples shall be subjected to a bending of an angle 

between 180° on a 12.5 mm diameter spindle. The bending shall be performed in a period of time between 2-

5 seconds. Coatings cracking’s to the parallel to the bending axes are acceptable unless the coating comes 
off the base materials. Figure 1 shows a bend test. The results of all the tests were without cracks and 

unacceptable defects. 

 

Figure 1 Bend test samples WC-Co 88/12 

3.2. Twist test 

Three test samples shall be coated with 0.15 thickness of coating on one side. Sample sizes were the same 
as for the bend test. One coupon shall be twisted along the long dimension to plus 90 degrees and then twisted 
back through 0 degrees to minus 90 degrees. The coatings may have uniform fine cracking or crazing, but 
shall not exhibit sign of chipping, spalling, or flacking when examined at 10x magnification. The other coupons 
will be twisted if there are any discrepancies with first piece. Figure 2 and Figure 3 shows a results of twist 
test. The results of all the tests were without cracks and unacceptable defects. 

       

             Figure 2 Twist test samples WC-Co 88/12                  Figure 3 Surface samples after twist  

                             samples (Enl.20x) 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1196 

4. METALOGRAPHY TESTING 

The metallographic examinations are amongst the most basic methods of assessment. Unlike operating tests, 

both the bending and twist test is significantly more objective and time consuming. For the evaluation of the 

microstructure, either a prepared sample with an equilateral coating or a part of the coated article can be used. 

Thermal coatings are susceptible to porosity due to insufficient fusion between spraying particles or the 

expansion of spraying gases. Determination of porosity of the surface is important in order to monitor the effect 

of the variable parameters of the hot-dip coating process and the suitability of the coating for the intended 

purpose. Very important is the preparation of samples, where a number of recommendations and 

methodologies can be used [4,5]. The ASTM standards give guidelines for test procedures but it is the user’s 

responsibility to fix details and evaluate the whole procedure. Many details, especially concerning specimen 

preparation cannot be standardized and very much depends on the experience of the metallographic staff. 

The results of porosity analysis are shown in Figure 4 - Figure 9. In Table 4 are shown value of porosity tested 

samples. 

         

             Figure 4 Porosity analysis-dark field                                  Figure 5 Porosity analysis-pore 

                            WC-Co 88/12                      designation WC-Co 88/12 

        

             Figure 6 Porosity analysis-dark field                                 Figure 7 Porosity analysis-pore 

                          Cr3C2-NiCr 75/25        designation Cr3C2-NiCr 75/25 
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        Figure 8 Porosity analysis-dark field Stellite 6                         Figure 9 Porosity analysis-pore 

                                                                     designation Stellite 6 

Table 4 Value of porosity tested samples 

Coatings Porosity (%) 

WC-Co 88/12 0.31 

Cr3C2-NiCr 75/25 1.69 

Stellite 6 0.3 

5. CONCLUSION 

The article shows the results of testing the selected properties of thermal spraying coatings. A detailed 

description of the course of two technological tests, namely bending and twist tests. These tests can very 

quickly detect an inappropriate spraying parameter before it is sprayed. The last test described is porosity 

testing. Porosity values are often limiting for a given application. As it turns out, it is very important to prepare 

the test sample (fine grinding) to avoid misinterpretation of the results. 
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Abstract 

This paper aim to be considered a review of the own researches realized in the non-conventional treatments 

domain in the magnetic field. The magnetic field applied under certain conditions, during the cooling process 

of the steel samples in the case of the improvement treatments, modifies the mechanical properties of the 

steel. 

It is important to take in consideration the improvement of the mechanical properties of a Cr-Mo alloyed steel 

used for the construction of the industrial machines parts. In this case, the influence of the magnetic field 

applied during the improvement treatment on the mechanical properties was considered. A thermo-chemical 

treatment in plasma completed the treatment program. The structural changes in the superficial layers during 

the treatment determine the improvement of the mechanical properties of the steel tested during the wear 

process. 

The tribo-models behavior during the dry friction processes was analyzed. This study determines the wear 

intensity for a certain type of tribo-model and for a certain type of material. An Amsler stand was used for all 

wear tests. The rollers with different diameters were used in order to obtain different sliding degrees (ξ) and 

two distinct values of task of loading (Q) were considered.  

Keywords: Steel, non-conventional treatment, wear process, mechanical properties. 

1. INTRODUCTION 

Until 1932, Minkievici, Tarasov, Erahtin, Stark and Zaimovski [1,2] Roentgenographically studied the behavior 

of the alloyed steels Cr-Mo and they demonstrated that the best magnetic properties of these materials have 

been obtained as a consequence of their variable structure appeared in the initial level of the atomic ordering 

processes. 

In terms of obtaining a hard magnetic material, the phase transformations can be divided in three groups: the 

martensitic transformation of the steels, a decomposition of the solid solution and phenomena of the atomic 

ordering in alloys. 

As a consequence of the martensitic transformation of the steel during the heat treatment, the case of the 

magnetic materials to which the nature of coercive force is explained by internal inhomogeneous tensions and 
inclusions, can be obtained [1]. To create a stabile magnetic texture, the cooling of the steel samples in 

magnetic field was adopted as a part of experimental program [2]. 

The thermo-magnetic effects appear in steels, metals and semiconductors when a magnetic field and a 

temperature gradient act on these materials and they consist of an existence of a potential difference or, an 

existence of a temperature difference when the system is crossed by a thermal flow in a magnetic field 

presence. In the first case, for a potential difference, the effect was called Nernst - Ettingshausen and can be 

longitudinal or transversal. In the second case, when a temperature difference appears, the effect was called 

Maggi - Righi - Leduc, longitudinal or transversal, and consists in a temperature difference appearances (ΔT) 

simultaneously with the thermal flow which cross longitudinal respectively, transversal the system in the 

presence of the magnetic field (transversal or longitudinal applied) [1,2]. 
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A change of the transformation temperature, in applied magnetic field conditions, occurs if one of the phases 

is ferromagnetic and a spontaneous magnetization takes place. For example, in the case of the steel, during 

the martensitic transformation, the Austenite (A) is a paramagnetic phase and the Martensite (M) is a 

ferromagnetic phase. Experimental was demonstrated [2,3] that the movement of the transformation 

temperature of the phases depends linear by the intensity of the magnetic field applied during the treatment, 

in cooling process. 

In the case of thermo-magnetic treatment of the steel, Magnetostriction appears and realizes mechanical 

oscillations which modify the germination speed. The Martensite strips that appear will be oriented along the 

magnetic field lines and a new texture realized by the magnetic field will appear. The magnetic field applied 

during the cooling process for the improvement treatment increases the transformation speed. In this case, a 

finesse of the structure appears and the hardness increases because the quantity of the Martensite (M) 

increases too, as a consequence of the increasing of the germination speed [1,3,12]. In this paper, a thermo-

chemical treatment applied after a thermo-magnetic treatment improves the mechanical characteristics of the 

superficial layers of the steel considered. 

2. MATERIALS AND EXPERIMENT 

Nitriding for steels is a thermo-chemical treatment widely employed in the machine components production 

and metallurgical industry to mitigate any wear or corrosion process and other fatigue damage in these 

materials. The consequences of this treatment are strongly influenced by many different variables such as: the 

steel composition, the potential of nitrogen, the temperature (for this case, 530 ˚C) and duration [2,4]. In this 

study, the influence of such parameters which affect the nitrided layers’ thickness and the composition of these 

layers were assessed. 

The superficial layer (the white layer) of a nitrided steel depending on the nitriding duration and consists of the 

nitrides: ε - phase with variable composition of carbon and nitrogen, depending on the steel grade or the 

atmosphere type and unstable [8], or γ' - phase (Fe4N), which depends on the atmosphere and the steel grade 

[5,6,9,13].  

Tribological properties during friction are determined by the compound layer (the white layer). Under the 

compound layer exists a diffusion area, which reaches deeper into the material, until approximately 0.1 - 0.5 

mm. In the case of the wear dry tests the Normal Load (Q) bearing capacity and fatigue strength are largely 

determined by the micro-hardness (Vickers) and by the depth of the diffusion area, which can be observed by 

analyzing the microstructural aspects of the steel. 

For the experimental program, the samples (rollers) from a steel grade for improvement treatment for machine 

parts construction have been considered. 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, 0.26 % Ni, 0.030 % P, 0.026 % S. The existence 

of the Molybdenum content in the composition of the steel decreases the stiffening phenomenon.  

The first stage from the complex program of treatments consisted of thermo-magnetic treatments. The 

treatment t1 represents a hardening treatment (at 850 °C) followed by a high tempering (at 580 °C), being a 

classic improvement treatment. The other treatment, t3, represents a hardening treatment at 850 °C with a 

cooling in water in strong alternative current (A.C.) in magnetic field followed by a high tempering process at 

580 °C (with the cooling in water in strong A.C. in magnetic field). The treatment t4 represents a hardening 

process at 850 °C (with a cooling in water, in direct current of magnetic field) followed by a high tempering 

process (with cooling in water, in D.C. of magnetic field) [2], t3 and t4 being two non-conventional treatments.  

The second stage from the complex program of treatments consists in applying the thermo-chemical treatment: 

a plasma (ionic) nitriding at 530 °C (7h), after thermo-magnetic treatment, applied at the different samples from 

the same steel grade considered or, laser nitriding with some special parameters. The treatments were 

considered, such as: Tca = T3 = t3 + plasma nitriding; Tcc = T4 = t4 + plasma nitriding; T1 = Tclassic1 = t1 + 
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plasma nitriding; T5 = Tclassic2 = t1 + laser nitriding; T7 = t3 + laser nitriding; T8 = t4 + laser nitriding; T2 = t2 

+ plasma nitriding. The treatment t2 represents a complete martensitic hardening process in weak alternative 

magnetic field (cooling in water) and high recovery process (just cooling in water, in strong Alternative current 

(A.C.) of magnetic field with H = 1300 A/m). In this case, the sample was introduced in the centre of the 

electrical coil located in the walls of a cylindrical oven.  

The wear tests have been made using an Amsler machine, with couples roller on roller, taking two sliding 

degrees (ξ1 = 10 % and ξ2 = 20 %), and the measurements were made at each hour. The normal load had 

the following values: Q1 = 75 daN or Q2 = 150 daN. The Moment of friction was Mf = 45 daN·mm2, 

corresponding to Q2. After each hour of wear test, the external diameter was measured and the diffractometric 

aspects were studied with Dron 3 equipment. The wear resistance of the rollers through dry friction and the 

surface structure evolution for different parameters of testing regimes were determined. 

3. RESULTS AND DISCUSSION 

The wear tests, through a dry friction process, have been made using several couples of rollers in contact. 

Each couple corresponds to a different sliding degree (ξ) which was defined as the relation [2,6,8,11]: 

ξ =³1 � g&hD´ . 100, �%�                                                                                                                                     (1) 

In this case, v
1 
and v

2 
are the peripheral velocities of the rollers in contact. The rollers had the width (b) by 10 

mm [2,6,7], the linear contact having 10 mm. Each case has a specific combination of angular speeds (n
1
, n

2
) 

according to the diameter sizes (d
1
, d

2
). The results were presented in Table 1 [2]. 

Table 1 Results obtained after three hours of wear tests 

Treatment 
Code 

Sliding 
degree ξ (%) 

Normal load  
Q (daN) 

Mass loss  
M(g) 

Thickness layer 
loss Uh (mm) 

The wear intensity  
Iu x 10 -4 (g/m) 

Δt(h) 

T1  
 
 
 
 
 

10 

 
 
 

75 

0.025 
0.035 
0.030 

 
 

0.100 

5.890 
4.420 
4.420 

1 
2 
3 

T2 0.020 
0.020 
0.025 

 
 

0.040 

2.950 
1.470 
1.470 

1 
2 
3 

T1  
 
 
 
 
 
 
 
 
 
 
 

150 

0.035 
0.040 
0.040 

 
 

0.120 

5.880 
5.890 
5.890 

1 
2 
3 

T2 0.035 
0.025 
0.030 

 
 

0.090 

4.410 
4.420 
4.420 

1 
2 
3 

T1  
 
 
 
 
 
 
 
 

20 

0.040 
0.055 
0.050 

 
 

0.145 

5.890 
6.700 
6.040 

1 
2 
3 

T4 0.040 
0.040 
0.050 

 
 

0.130 

4.885 
4.885 
4.885 

1 
2 
3 

T3 0.030 
0.035 
0.025 

 
 

0.095 

4.420 
3.680 
3.680 

1 
2 
3 

T5 0.045 
0.040 
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The mass loss evolution and the wear intensity versus time testing, in the case of the classic treatment (T1) 

and in the case of the non-conventional treatments, have been represented in the following figures:  

 

Figure 1 Mass loss (M12) and the wear intensity 

(I12 x 10-4) evolutions in the case of the treatment 

T1 (classic), for Q = 75 daN, ξ = 10 % 

 

Figure 3 Mass loss (M21) and the wear intensity 

(I21 x 10 -4) evolutions, in the case of the treatment 

T1, for Q = 150 daN and ξ = 10 % 

 

Figure 2 Mass loss (M2) and the wear intensity (I2 x 

10 -4) evolutions, in the case of the non-conventional 

treatment T2, for Q = 75 daN and ξ = 10 % 

 

Figure 4 Mass loss (M22) and the wear intensity (I22 

x 10 -4) evolutions, in the case of a non-conventional 

treatment  T2, for Q = 150 daN and ξ = 10 % 

 

Figure 5 Mass loss (M13) and the wear intensity 

(I13 x 10 -4) evolutions, in the case of the treatment 

T1, for Q = 150 daN and ξ = 20 % 

 

Figure 6 Mass loss (M3) and the wear intensity (I3 x 

10 -4) evolutions, in the case of a non-conventional 

treatment T3, for Q = 150 daN and ξ = 20 % 
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In Figure 7 was represented the evolution of the worn-out layer depth, after three hours of wear tests, 

depending by treatments. 

 

Figure 7 The worn-out layer depth evolution, after 

three hours of wear tests, corresponding to different 

treatments, in the following wear conditions:                  

ξ = 20 %, Q = 150 daN 

 

Figure 8 The micro-hardness versus the thickness 

of the superficial layer (DGR). 

 

Figure 9 Distribution of the phases on superficial 

layer, depending on the wear tests duration, for 

samples treated with T1, tested for Q = 75 daN  

and ξ = 10 %. 

 

Figure 10 Distribution of the phases on superficial 

layer, depending on the wear tests duration, for T2 

treated samples, tested for Q = 75 daN, ξ = 10 %. 

In Figure 8, some notes must be mentioned: HVa represents Vickers micro-hardness of the superficial layer 

in the case of the treatment T3 (A.C.in magnetic field) and HVc represents the Vickers micro-hardness of the 

superficial layer in the case of the treatment T4 (D.C. in magnetic field). Thermo-magnetic treatments, 

particularly for alternative current applied before thermo-chemical treatments, produce the increasing of the 

micro-hardness of the superficial layers, more than in the classic treatment (T1) case. Comparing the 
Figures 9 and 10, it can be observed that the quantity of the Fe4N phase is the biggest in the case of the non-

conventional treatment in magnetic field - Alternative Current (see T2 case).This Fe4N phase has an oscillated 

variation of the quantity (see the red diagrams) after every hour of the wear tests. Fe4N phase has the role to 

increases the wear resistance [2, 10]. So, in the case of the non-conventional treatment (T2), the resistance 

of the superficial layers during the wear process is the biggest, comparing with the classic treatment case (T1). 

After three hours of friction process, the quantity of the Fe3N phase in the superficial layers decreases more in 

the case of the non-conventional treatment. It is known that this phase causes the fatigue of the superficial 
layer and it’s possible to appear cracks. In the Figure 10, this phase Fe3N has a quantity descending. This 
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fact appears due to increase the durability of the superficial layers non-conventional treated in Alternative 

Current (A.C.) in magnetic field.  

4. CONCLUSION 

Analyzing the results presented above, the thermo-magnetic treatments - particularly corresponding to 

magnetic field alternative current (A.C.) applied before the thermo-chemically treatment - modify the 

mechanical properties of the steel on positively direction. The micro-hardness of the steel increased, the worn 

- out layer depth (Uh) decreased, the quantities and the distribution of the phases (Fe4N and Fe3N) have been 

modified such that the durability of the steel subjected to a dry wear process, increased.  
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Abstract 

This paper briefly describes how to estimate numerically the quantitative uncertainty of potentiodynamic 

polarization curves obtained from a charge transfer controlled reaction in the case of working electrodes made 

from C45 steel with specific coatings (WC-Co, WC-Co-Al2O3 and a reference without coatings). The processed 

dataset was created during a real physicochemical experiment, but potentiostat/galvanostat transformed the 

dataset of measurements into parameters of Tafel’s lines without uncertainty estimation. The Monte Carlo 

simulation with resampling (bootstrap approach) was used to estimate confidence intervals of these 

parameters. 

Keywords: Uncertainty, quantitative estimation, corrosion potential, corrosion current density, bootstrap 

1. INTRODUCTION 

The carbon steel is very widely used as a construction material in many industries. The corrosion of steel 

surfaces, especially in acidic solutions, contributes to large costs because of damages and required repairs. 

The estimation of a corrosion rate and its reduction are problems of the great importance allowing to predict 

required corrective actions and to reduce their costs.  

Several different techniques are applied in industry to reduce the corrosion of metals. One of them, the electro-

spark deposition (ESD) process [1-3] is used to create specific corrosion-resistant coatings on the surface of 

machine’s elements. The corrosion resistance of specimens from C45 steel with specific coating created by 

ESD were investigated and it resulted in the analyzed dataset. 

Potentiodynamic polarization curves, obtained from a charge transfer controlled reaction, are used to 
designate the corrosion potential Ecorr and corrosion current density jcorr. The one of the most popular DC 

techniques for the estimation of the corrosion rate is an extrapolation of linear Tafel lines. These lines are 

specific combined linear regressions derived from a logarithm of non-linear potentiodynamic polarization 

curves [4,5].  

Poorqademi et al. [5] considered the issue of the accuracy, but they investigated only an uncertainty originated 

from experimental sources. They did not refer to the arbitrariness of the choice of linear sections making up 

Tafel's lines and the impact of this decision on the uncertainty of the obtained parameters.  

In the further part of the article, the authors analyze the uncertainty of Tafel’s lines parameters using Monte 

Carlo methods on a dataset obtained from the research of the C45 steel corrosion resistance. 
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2. MATERIALS AND METHODS 

2.1. Experimental 

The WC-Co or WC-Co-Al2O3 coatings were produced by electro-spark deposition on C45 mild steel 

(wt.%: C 0.42 - 0.50, Mn 0.50 - 0.80, Si 0.10 - 0.40, P 0.04, S 0.04) surface in four variants of coating 
compositions (Table 1). 

Table 1 Composition of electro-spark coatings 

Number of variant Coating composition Nanopowder mixture 

1 WC80-Co20 80 % WC, 20 % Co 

2 WC80-Co15-Al2O35 80 % WC, 15 % Co, 5 % Al2O3 

3 WC80-Co10-Al2O310 80 % WC, 10 % Co, 10 % Al2O3 

4 WC80-Co5-Al2O315 80 % WC, 5 % Co, 15 % Al2O3 

An EIL-8A pulse spark generator was used to deposit coatings on the steel surface (output power 4 kW, voltage 

250 V/50 Hz). After the coatings were deposited, specimen surfaces were microscopically observed, by LM 

[6,7] and SEM [8], and analyzed [9-12]. 

The solutions were made from distilled and deionized water with addition of FLUKA analytical grade sodium 

chloride (NaCl) and POCH analytical grade hydrochloride acid (HCl). The corrosive environment (1.2 M of Cl- 

ions, pH 1.5) was obtained by mixing sodium chloride (1 M) and hydrochloride acid (1 M). The rectangle 

working electrode (4.5 cm2) was polished, rinsed with double distilled water, degreased in ethanol and 

immediately immersed in the test solution - the experiment had begun 30 min. after immersion. All 

electrochemical measurements were made using a potentiostat/galvanostat PGSTAT 128N, AutoLab, 

Netherlands with the NOVA 1.7 software of the same producer. Potentiodynamic polarization curves were 

recorded in 1.2 M Cl- acid solution. Measurements, replicated 3 times, were carried out at the temperature of 

25±0.5 °C in the potential range from -800 to -50 mV vs. SCE, while the potential scan rate in was 1 mV s-1. 

2.2. Tafel’s lines 

Potentiodynamic polarization curves were used to designate the corrosion potential (Ecorr) and corrosion 

current density (jcorr). Extrapolation of Tafel lines [4,5] is one of the most popular DC techniques for estimation 

of corrosion rate. According to the Tafel’s law [5] the linear cathodic branch of a polarization curve is as 

following: 

( )0 0, log /c c cE E b j j− =  (1) 

while the linear anodic branch of polarization curve is: 

( )0 0, log /a a aE E b j j− =  (2) 

where E0,c, E0,a, j0, bc and ba are constant parameters describing polarization curves. 

2.3. Bootstrap simulations and statistical analysis 

Potentiodynamic polarization curves were recorded into five datasets, separately for each specimen. 

Subsequently, cathodic and anodic Tafel’s lines were determined for them. From the mathematical point of 

view, these lines are two independent linear regressions with the additional assumption that the corrosion 
potential (Ecorr) and corrosion current density (jcorr) have to be exactly the same for both lines, cathodic and 

anodic branch. This condition leads to the construction of the special approximation criterion, where typical 
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minimization of the least squares criterion is extended into the constrained Karush-Kuhn-Tucker's form [13] 

while the regression branches are defined in the form previously shown in equations (1) and (2). 

After some transformations and resolving, this formulation gives four parameters to determine: Ecorr, jcorr, bc, ba 

and two of them, Ecorr and jcorr are the same for both branches. These four parameters are random variables 

and their values and dispersion may be estimated, however analytical approach may give results far from 

observed due to differences between theoretically assumed normal distribution and really observed variability. 

To avoid this inconsistence, the bootstrap approach [14-16], being the Monte Carlo resampling-based 

simulation procedure, was selected as a numerical tool to estimate uncertainty distribution without additional 

assumptions. The two-branches model of Tafel’s lines was assumed as a base for the bootstrap iterations. 

Next, the residuals were calculated and then used for bootstrap resampling [14]. Bootstrap iteration count was 

set to 10,000, because such value makes 95 % confidence intervals estimation very easy. 

3. RESULTS AND DISCUSSION 

The potentiodynamic experiment resulted in a dataset of measurements: 501 records for each variant of the 
coating with the potential of corroding metal varying from -800 mV up to -50 mV with the rate 1 mV/s. Figure 1 

shows obtained results in a plot with logarithmic scale conformed to equations (1) and (2). 

 

Figure 1 Potentiodynamic polarization curves for C45 mild steel: (a) without coating, 

(b) WC80-Co15-Al2O35, (c) WC80-Co10-Al2O310, (d) WC80-Co5-Al2O315, (e) WC80-Co20. 
Logarithmic scale, density of current j (mA·cm-2) 

The equations (1) and (2) were fitted to measurement dataset and mean values of parameters were obtained. 

Next, predicted values were compared with real measurements and residual dataset (501 records) was 

created. According to the bootstrap methodology, these residuals were randomly resampled, added to 

predicted values and such new dataset was a source for a new bootstrapped fitting. This step (random 

resampling, adding, fitting) has been iterated 10,000 times and a large dataset of simulated values was 

obtained. This dataset has been analyzed and 95 % confidence intervals were identified for all considered 
parameters (Table 2). It is worth noting that although all the histograms were bell-shaped e.g. Figure 2, they 

were significantly different from the normal distribution (Shapiro-Wilk test, p < 0.05). 
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Figure 2 The distribution of the bootstrapped values: the variant with absence of coating and -bc 

parameter. Descriptive statistics: mean 160; std. dev. 5.5; -95 % quantile 150; +95 % quantile 171; 

Shapiro-Wilk test of normality p < 0.005 

Table 2 Identified values of Tafel’s parameters together with descriptive statistics obtained from the bootstrap 

numerical simulation 

Material Parameter Mean Std. dev. -95 % +95 % 

Absence Ecorr -498 1.2 -501 -495 

jcorr 1.78 0.1 1.67 1.89 

-bc 160 5.5 150 171 

ba 190 8.7 174 208 

WC80-Co20 Ecorr -449 1.1 -451 -446 

jcorr 1.48 0.05 1.38 1.58 

-bc 145 4.0 137 152 

ba 180 4.4 171 189 

WC80-Co15-Al2O35 Ecorr -443 1.2 -446 -441 

jcorr 0.89 0.03 0.82 0.96 

-bc 135 3.6 127 142 

ba 170 3.8 163 178 

WC80-Co10- Al2O310 Ecorr -456 1.1 -458 -454 

jcorr 0.49 0.02 0.46 0.52 

-bc 140 3.8 132 147 

ba 240 4.1 232 248 

WC80-Co5- Al2O315 Ecorr -452 1.1 -455 -449 

jcorr 0.19 0.01 0.18 0.20 

-bc 155 4.7 145 164 

ba 255 5.5 244 267 

-bc
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The consolidated results, means and descriptive statistics obtained from the bootstrap procedure for all 
variants of coating, are presented in Table 2. As can be seen in Figure 2, the histogram is sufficiently smooth 

for the limits of the confidence interval to be determined stably. Additional processing of the whole bootstrap 

procedure i.e. many times by 10,000 iterations gave the variability of confidence interval bounds less than the 
precision expressed in Table 2. This means that increasing the number of iterations above the assumed 

10,000 will not significantly improve the results. 

4. CONCLUSION 

The surface of C45 mild steel was modified by electro-spark deposition (ESD), using of WC-Co or WC-Co-

Al2O3 electro-spark electrodes. All variants of a coating together with reference specimen (non-coated steel) 

were tested on a corrosion resistance in NaCl and HCl solution. The corrosion resistance was estimated in 
potentiodynamic experiment and the dataset of pairs, potential E and current density j, was recorded by 

a potentiostat/galvanostat. Parameters of Tafel’s equation were identified and their uncertainties were 

estimated in the bootstrap numerical simulation. Such approach avoids having to make many initial 

assumptions about distributions of variables so it makes the whole procedure a data-driven automata. 

Further investigation will involve more sophisticated analytical techniques like wavelet analysis and time-series 

[17-20] to remove time-dependent noises and trends not explained by controlled factors. 

Such resampling methodology address the issues with an uncertainty estimation in those research areas 

where datasets are relatively small because of large cost of data acquisition: in the materials science [21-24] 

and the mechanical engineering [25,26], especially using fuzzy assessment [27,28]. Additionally, it almost 

completely removes typical theoretical assumptions on distributions except one: the assumption that residuals 

conforms i.i.d. what means “independently and identically distributed” [14]. 
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Abstract 

This work is focused on development of a method for production of artificial copper patina pigment based on 

brochantite. A suitable titration method for this type was chosen to add sodium hydroxide solution to cupric 

sulphate solution. Following parameters were studied: solutions concentrations, ferric ion addition, dosing rate 

of titration, stirring intensity. Produced pigment was studied by means of XRD (phase composition), 

spectrophotometry (colour) and SEM (morphology). In the first stage the suitability of this method was verified 

in small portions when the volume of cupric sulphate solution was less than 100 ml. In these experiments, the 

suitability of the method was confirmed both for pure copper sulphate and cupric sulphate solution with the 

addition of ferrous sulphate heptahydrate, which provide colour closer to natural patina. After successful 

confirmation of the suitability of this method, it was passed to the second stage when this procedure was tested 

at large doses, the volume of cupric sulphate being 5 liters. The results indicate that this procedure is applicable 

to a pure copper sulphate solution, but not to a mixture of copper sulphate and iron sulphate.  

Keywords: Artificial copper patina, brochantite, spectrophotometry, XRD, SEM 

1. INTRODUCTION 

Nowadays, patina is among the common methods of surface treatment of copper sheets and copper products. 

The most commonly used method of patination is the application of solutions to the copper substrate and the 

subsequent reaction to form a patina. These patination procedures are described in some patents[1][2][3][4].  

Brochantite (Cu4SO4(OH)6 is one of the components of the patina that is formed in the urban environment 

during the reaction of copper with sulphur dioxide in the humid atmosphere. This patina component is very 

stable and resistant to dissolution and it is able to protect the base material very well. Brochantite can be 

formed in two ways: by exposure in the sulphur dioxide containing gaseous environment or by titration in the 

solution. 

2.  EXPERIMENTAL 

To evaluate titration results, we used colorimetric methods to determine the color of the resulting pigment. We 

used a scanning electron microscope to determine the morphology, and Röentgen diffraction was used to 

determine the phase composition. At the beginning, we performed dynamic titration and continued the titration 

when we changed the volume and concentration of added NaOH and also the concentration and volume of 

the titrated solution CuSO4. 5H2O. After these titrations, we went to the titrations to the solution CuSO4. 5H2O 

we added FeSO4. 7H2O. Finally, we went into titration in large volumes when we titrated 5 liters of solution 

CuSO4. 5H2O. 

3.  RESULTS AND DISCUSSION 

3.1.  Influence of dosing rate  

To determine the consumption of sodium hydroxide for the perfect conversion of copper sulphate pentahydrate 

to Brochantite, the dynamic titration test was carried out, the volume of NaOH solution added ranging from 
0.05 ml to 5 ml was 60 seconds. The resulting graph is shown in Figure 1. 
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Figure 1 Dynamic titration of CuSO4 · 5H2O from which the necessary data were obtained to perform further 

titrations 

3.2.  Influence of concentration  

After the dynamic titration was completed, we obtained accurate data according to which we proceeded to 

titrations when we changed the parameters as the rate and volume of NaOH added. In the next step, we 

changed the concentrations of both sodium hydroxide and CuSO4 · 5H2O solutions. Concentrations of the 
individual solutions are shown in Table 1. We started with the addition of 0.04 ml of NaOH for 60 seconds, 

gradually increasing to 0.8 ml with a time interval of 60 seconds. These changes were made to monitor 

changes in the kinetics of the reaction and the impact of the changes on the yield of the reaction. After 

evaluating the results of gravimetry, we found that the yield of the reaction was almost unchanged. The 

recovery rate at 0.04 ml/min-1 was about 42 % and at a rate of 0.8 ml/min-1 45 %, but the difference was in the 

color of the samples as well as in the phase composition of the pigments formed. 

Table 1 Concentrations and rates of addition of NaOH to CuSO4 solution 

3.3.  Influence of Fe(III) addition  

If we typed pure CuSO4 · 5H2O so produced a patch that was composed of Brochantite but the color was 

unsuitable for the final use, we decided to add to the FeSO4 · 7H2O solution, which ensured that the color of 

the resulting product was green and the resulting product was more suitable for the final use because the 

coloration was approaching the original patina. We titrated the Cu(NO3)2·3H2O solution to confirm the 

assumption that neither the color nor the composition of the resulting pigment is in accordance with our 

requirements. Comparison of colour after adding FeSO4·7H2O. 
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3.4.  Large volume titrations  

Large titrations were performed to test the usability of this method for large doses of CuSO4·5H2O. For titrations 

without addition of FeSO4·7H2O, a color pigment corresponding to the pigment formed in small amounts was 

formed. If we added FeSO4·7H2O color changed from green to black. This change is due to the alkaline 

environment in which this pigment was present for at least 30 minutes because we did not have the capacity 

to filter out five liters of the pigment solution. 

3.5.  X-ray diffraction 

To determine the phase composition of the patina formed, we used X-ray diffraction. A powder pigment was 

used as the sample. The weight of the sample was approximately 0.3 g and was crushed and transported in 

plastic micro tubes. The PANanalytical X'Pert3 device was used for XRD measurements. Determination of the 

phase composition was performed after each titration in order to know the phase composition of the individual 
samples and accordingly adjust the titration procedure. The composition of some samples is shown in Table 2. 

Brochantite, Posnjakite (Cu4SO4(OH)6·H2O) and Tenorite (CuO) were found in the samples. These phases 

were in different proportions in the sample. 

As shown in Table 2, the higher rate of addition of sodium hydroxide to the solution, the more phases were 

present in the resulting sample. To the sample labeled Brochantite with Fe+ 4 was added to achieve the desired 

pigment color, but the resulting pigment composition did not affect this addition. 

Table 2 Phase composition of individual pigments 

Sample 
Rate of addition of NaOH   

(ml min-1) 
Component Ratio % 

Brochantite 1 0.01 
Brochantite  73 

Posnjakite 27 

Brochantite 2 0.04 Brochantite- 100 

Brochantite 3 0.5 

Posnjakite 85 

Brochantite- 8 

Tenorite 6 

Brochantite with Fe+ 4 0.04 Brochantite  100 

Brochantite 5 0.8 
Brochantite  98 

Posnjakite 2 

3.6.  Morphology of patina 

The patina morphology was monitored by Tescan VEGA 3 scanning electron microscope (SEM). Samples 

with different phase composition were observed. Samples were lit at 100x, 1000x, and 10000x magnification. 

By visual analysis, the length and shape of the individual crystals were evaluated and, according to this 

analysis, the optimal rate of addition of NaOH to the CuSO4·5H2O solution was chosen. The morphology of 

most samples was needle-like with a needle length of 5 μm, which is suitable for practice. Only in one case 

they were of a grain-like nature, in a sample formed from a solution of Cu(NO3)2 · 3H2O. At the same time, this 

sample was only used at a magnification of 100x and 1000x as the grains were large enough for observation 
and image analysis at these magnifications. In Figure 2 there are photos of three patches of CuSO4 · 5H2O 

solution. The photos show that although the patina was prepared by the same procedure, morphology is very 

similar. The reproducibility of the process is very high.  
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   a)             b)      c)  
Figure 2 Comparison of morphology of three samples prepared by the same titration procedure; 

a) Brochantite 1 b) Brochantite 2 c) Brochantite 3 

3.7.  Color 

In order to evaluate the colorability of the samples, measurements of all samples were made and their coloring 

was compared with the sample of natural Brochantite, which was created on the roof of the University of 

Chemistry and Technology Prague. The Datacolor spectrophotometer was used to measure the color. We 

were looking at the individual components of the Lab color model, but for comparison we only observed a and 

b component. Only a few samples of pigments were selected for comparison in the graph, with respect to the 

transparency of the graph. Four separate graphs have been created. One sample was placed without addition 

of Fe+, one sample with high amount of Fe+, one sample with right amount of Fe+ and one sample which was 

dried in oven with high temperature. 

 
Figure 3/1 Comparison of some types of Brochantite; a) Brochantite without Fe 
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Figure 3/2 Comparison of some types of Brochantite; a) Brochantite without Fe; b) Brochantite with high 

amount of Fe; c) Brochantite with right amount of Fe; d) Brochantite drying in oven and high temperature  
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4.  CONCLUSION 

In this experiment, we performed several titrations to prove that this method of artificial shield creation is an 

appropriate and easily reproducible method. We have verified the suitability of Fe+ addition only in smaller 

quantities. This was confirmed by this method using x-ray diffraction because the resulting sample composition 

was in most cases pure Brochantite or only a small addition of other minerals. Using a scanning electron 

microscope, we confirmed the reproducibility of the size and shape of the patina grains. The suitability of the 

method for larger volumes was confirmed, but only in the case of Brochantite without the addition of Fe+ ions. 

In the case of addition of Fe+, a suitable method of extracting the formed pigment from the alkaline medium 

has to be found where the alkaline environment degrades the color of the pigment. In the future, we will focus 

on accelerating the extraction of the pigment from the alkaline environment so that the color after the addition 

of Fe+ remains stable and does not change.  
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Abstract  

The paper devotes to study of hydrogen and deuterium storage and research of capturing hydrogen and 

deuterium in tungsten samples irradiated with plasma beam. The paper shows that some changes occur in 

the surface like relief propagation caused by heterogeneous surface etching after irradiation with hydrogen 

plasma. Ratio of change in relief and structure of irradiated samples’ surface layer herewith depends on the 

irradiation temperature. Hydrogen and deuterium storage in tungsten have been studied while their irradiation 

with hydrogen and deuterium plasma. Thermo-desorption analysis of tungsten samples irradiated with 

hydrogen and deuterium plasma at 1000°С degrees showed that tungsten surface became saturated with 

deuterium and did not become saturated with hydrogen. The data obtained by emission spectrometry and 

thermo-desorption spectrometry verified, that the basic share of captured deuterium is accumulated at the 

depth of up to 7 µm.  

Keywords: Tungsten, accumulation, hydrogen, deuterium, plasma, irradiation 

1. INTRODUCTION 

Tungsten is thought of as a priority material to use it in diverter region of ITER reactor owing its high melt 

temperature and high threshold energy of physical sputtering. In addition, application of tungsten in fusion 

neutron source and DEMO reactor has alsobeen considered [1-4]. Today, one of the main requirements 

imposed for the materials contacting with fusion plasma, is reducing of tritium concentration in those materials 

[5,6]. The problem of storage and retention of hydrogen isotopes in metals and alloys is a very complicated 

and multi-side degradation process takes place in nuclear reactor materials that needs to be systematically 

studied with view of today’s achievements in reactor material science. Therefore, study of H isotopes’ storage 

in tungsten materials affected by hydrogen and deuterium plasma is of big interest to measure radioactive 

tritium concentration in reactor elements when operation of fusion facility. In view of the above, the given paper 

is focused on study of deuterium storage in tungsten materials after their irradiation with hydrogen and 

deuterium plasma.  

2. MATERIAL AND RESEARCH METHOD   

According to the problem formulated, WP tungsten (straight pure tungsten) was chosen as test object. 

Cylindrical samples of 5 mm high with dia of 10 mm were cut out by EDM machine. Then they were ground 

and polished. Tungsten samples were irradiated by H plasma and D plasma with ion energy of 2 keV for 180 

minutes. Target temperature was varied herewith. In the course of irradiation the in-chamber pressure was 

2·10-3 tor. 

The samples were irradiated with H plasma in beam-plasma discharge machine which simulates plasma-

surface interactions of KTM Tokamak. The beam-plasma discharge machine (BPDM) was designed to support 
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creation and operation of Kazakhstan’s Material Testing Tokamak (KTM) to test small-scale samples of KTM 

materials and equipment [7,8]. 

OLIMPUS BX41M Optical microscope and JSM-6390 Scanning-electron microscope were used to examine 

W samples microstructure before and after irradiation. To identify W microstructure, there has been applied 

chemical etching in solution containing 50 per cent of fluohydric acid and 50 per cent of nitric acid. 

Element analysis of irradiated tungsten surface layer was conducted by opto-emission spectrometry using 

Profiler HR glow-discharge spectrometer.GD-Profiler emission glow-discharge spectrometer is designed for 

determination of elements’ mass fraction in solid samples with pre-polished surface.  

Quantity of deuterium and hydrogen stayed in tungsten after irradiation was measured by thermal desorption 

spectrometry (TDS) in experimental facility VIKA.This facility enables conducting experiments on studying gas 

release from different materials by temperature-programmed desorption within the temperature range from 

390 Кto 1750 Кwith mass-spectrometry recording of gases released. Research technique was as follows: cut-

out sample of irradiated tungsten was de-oiled and loaded into the crucible of VIKA working chamber [9]. 

Afterwards the walls of working chamber were degasified at 473 К-500 К for 2.5 hours while continuous 

pumping-out with vacuum Penning-type pump NORD-250 and turbomolecular pump EXT 75DX. Then, 

chamber walls were cooled down up to room temperature followed by the experiment on linear heating of 

tested sample up to the temperature of 1750 K under heating velocity of 15 К/min while continuous pumping-

out of gases released from the working chamber and registration of partial gas in chamber. Release 

ofН2andD2molecules was measured with QMSRGA-100. In the experiments, time dependences of changes in 

partial gas pressure were obtained inside of vacuum chamber as a result of gas release from tungsten samples 

while linear heating of tested samples at the temperature from 390 Кto 1500 К. Before conducting TDS-

experiments with tested tungsten samples, one experiment on gas release from empty crucible was performed 

with heating of the crucible up to 1750 Кwith heating velocity of 15 К/min and continuous pumping-out of VIKA 

vacuum chamber and mass-spectrometry registration of partial pressure changes inside of the working 
chamber. Figure 1shows diagram of all-metal high-vacuum water-cooled working chamber designed for TDS-

experiments with small samples. The chamber is equipped with a heater as tantalum plate with fixed tantalum 

crucible loaded with tested sample. Sample temperature is recorded by two thermocouples entered the 

chamber through the pressure-sealed connector and fixed on the crucible.  

 

Figure 1 Vacuum working chamber of VIKA facility  
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3. RESULTS AND DISCUSSIONS  

To obtain such a defect structure, tungsten samples were irradiated with hydrogen plasma at 700 °С, 1000 °С 
and 1500 °С degrees. Figure 2 shows microstructure of tungsten surface irradiated with hydrogen plasma at 

700 °С, 1000 °С and 1500 °С degrees. As shown from the Figure2, when irradiation at Т = 700 °С degrees 

there are some changes in the surface like relief propagationcaused by heterogeneous surface etching. This 

relief consists of chaotically located claws and caves. Formation of relief propagation on the tungsten surface 

due to different erosions of near zones while plasma irradiation is connected with the fact, that diversely 

orientable surface crystals are characterized with different sputtering yields. Tungsten samples irradiated  

at Т = 1000 °С and 1500 °С have lower degree of relief propagation in comparison with that which was 

irradiated at Т = 700 °С. However, some small cracks are shown in these samples and the cracks become 

bigger and more when temperature rising. It was found that the strongest failure occurs after irradiation of 

samples with hydrogen and deuterium plasma at T = 1000 °С and T = 1500 °С degrees. 

 

Figure 2 Microstructure of tungsten surface irradiated with hydrogen plasma at Т = 700 °С (а), Т = 1000 °С 

(b) and Т = 1500 °С (c) 

The permeability of tungsten upon contact with gaseous hydrogen has been studied relatively widely. However, 

the permeability data on irradiation with hydrogen ions are limited by the temperature interval from 610 K to 

823 K. The question of the permeability of tungsten when irradiated with ions of hydrogen isotopes at 

temperatures above 973 K has not been studied. In [10] it is reported that the diffusion coefficient of deuterium 

in tungsten is much smaller than the values obtained for tungsten saturated with protium upon contact of the 

surface with gaseous protium. This means that in the temperature range 823 K -1023 K there is trap hydrogen 

that slows down the transfer process. Apparently, deuterium is captured on vacancy-type defects created in 

the process of ion irradiation due to the compressive stress fields arising from the supersaturation of the near-

surface layer of tungsten by the deuterium atoms being introduced. In this connection there has been studied 

capturing of hydrogen isotope in these ion-induced and thermal-induced defects of the samples irradiated with 

hydrogen and deuterium plasma at 1000 °С degrees. 

 

Figure 3 REM-image of tungsten surface irradiated with hydrogen(а) and deuterium (b) plasma at 

Т = 1000 °С 
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Figure 3 illustrates REM-images of tungsten surface irradiated with hydrogen and deuterium plasma at 

Т = 1000 °С. Topography of irradiated tungsten surface testifies its severe erosion. Tungsten-hydrogen plasma 

interaction resulted in etching of tungsten surface, development of grain boundaries and their orientation along 

with formation of fine cracks.  

TDS was used to research gas accumulation in tungsten samples while irradiation. The purpose of TDS 

experiments was to obtain time dependences of changes in partial gas pressures in VIKA vacuum chamber 

as a result of gas release from tungsten samples while linear heating of tested samples. 

Figure 4а shows temperature dependences of Н2 (amu 2) release while heating of empty crucible, sample  

W-H-1 and sample W-D-1 at the velocity of 15 K/min. making analysis of Н2 gas release diagram shown in 
Figure 5а, it can be noted that there is no visible hydrogen release while heating of tested samples; moreover, 

integral background release from the crucible exceeds in size with integral value for release of those gases in 

the experiments with the samples. In this case, recording of H2, release from samples in TDS experiments was 

failed. It might be because of high irradiation temperature that exceeds the temperature of the crucible when 

maximum hydrogen release takes place.  

Figure 4b shows temperature dependences of deuterium gas release. According to the Figure 4, D2 gas 

release diagram (amu4) has explicit peak corresponding to D2release from the sample irradiated with 

deuterium plasma at Tsample = 1223 K. Tungsten sample temperature during which deuterium is at most 

released, is close to the temperature of irradiated sample.  

 

Figure 4 Dependence of change in partial hydrogen pressure (amu 2) (а) and D2 (amu 4) (b)on the crucible 

(sample) temperature in VIKA working chamber 

Table 1 Number of deuterium released from empty crucible and tested samples 

 
Empty 

crucible  
Sample W-

H-1 
Sample W-

D-1 

Quantity of deuterium released to Т = 1500К, mol 2.84·10-11 3.28·10-11 6.93·10-11 

Quantity of deuterium released to Т = 1500 К minus background 
resulting from crucible heating, mol 

- 4.42·10-12 4.09·10-11 

Quantity of deuterium released to Т = 1500 (referred to sample mass) - 9.04·10-12 8.95·10-11 

In this way, for tungsten sample irradiated with hydrogen plasma, recording of visible hydrogen release failed 

due to high background resulting from hydrogen release from the crucible and structural elements of vacuum 

chamber while linear heating. Integral release of hydrogen from empty crucible was 8.8016·10-7 mol; integral 

hydrogen release from tested sample irradiated with hydrogen plasma was 6.3142·10-7 mol. For tungsten 

sample irradiated with deuterium plasma there is a peak of deuterium release (amu 4) within the range of 
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tested sample temperatures from 1150 К to 1275 К. Total number of deuterium released of tested sample was 

equal to 4.09·10-11 mol. Deuterium release peak was like classical diffusion peak which as a whole is typical 
for deuterium diffusion activation energy in the sample from 130 to 200 kJ/mol. Table 1 provides Number of 

released deuterium calculated from obtained TDS dependences  

Figure 5 demonstrates results obtained in Optical-emission spectrometer. Hydrogen accumulated on the 

surface layer up to 7 µm deep is clearly seen. In samples herewith, irradiated with deuterium plasma, 

accumulation of carbon can be observed. Hydrogen distribution diagram shows that there is a clearly visible 

peak related to hydrogen near-surface accumulation at the depth of 0.2 - 0.3 µm. Then the intensity is declined. 

Tungsten sample irradiated with deuterium plasma, intensity peak is observed at the depth of 2 µm. Taking 

into account TDS analysis it can be concluded, that observed hydrogen peak corresponds to deuterium peak 

since glow-discharge spectrometer is not capable to determine isotopes.  

           

Figure 5 Profiles of intensive distribution of hydrogen yield for tungsten samples irradiated with hydrogen (a) 

and deuterium plasma (b) 

In the course of given research it is established, that in spite of the irradiation temperature is close to the 

temperature of maximum gas release, deuterium is accumulated on the surface layer. It might be associated 

to defect structure formed while irradiation under high temperatures Т = 1000 °С. So much deuterium is not 

accumulated on the surface layer of unaffected tungsten at this heating temperature.  

4. CONCLUSION 

1) It is established, that when irradiation there are some changes in the surface like relief propagation 

caused by heterogeneous surface etching. Ratio of change in relief and structure of surface layer of 

irradiated samples depends on the irradiation temperature. Metallographic analysis showed that 

tungsten samples irradiated at Т = 1000 °С and 1500 °С have lower degree of relief propagation in 

comparison with those which were irradiated at Т = 700 °С. However, some small cracks are shown in 

these samples. 

2) In this connection we have studied accumulation of hydrogen and deuterium on the defects as fine 

cracks formed in tungsten at high irradiation temperatures with hydrogen and deuterium plasma. 

Thermo-desorption analysis of tungsten samples irradiated with hydrogen and deuterium plasma at T = 

10000 °C showed that tungsten surface is saturated with deuterium and isn’t saturated with hydrogen.  

3) For tungsten sample irradiated with hydrogen plasma, recording of visible hydrogen release failed due 

to high background resulting from hydrogen release from the crucible and structural elements of vacuum 

chamber while linear heating. For tungsten sample irradiated with deuterium plasma there is a peak of 

deuterium release (amu4) within the range of tested sample temperatures from 1150 К to 1275 К. Total 

number of deuterium released of tested sample was equal to 4.09·10-11mol.  
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4) Results obtained in optical-emission spectrometer showed hydrogen accumulation on the surface layer 

of tungsten samples irradiated with hydrogen and deuterium plasma up to 7 µm deep. In samples 

herewith, irradiated with hydrogen plasma at the depth of 0.2 - 0.3 µm there is a clearly visible peak 

related to hydrogen near-surface accumulation. Then the intensity is declined. Tungsten sample 

irradiated with deuterium plasma, intensity peak is observed at the depth of 2 µm; hydrogen distribution 

depth is smaller than by the samples irradiated with hydrogen plasma.  

5) Comparison of the data obtained by thermo-desorption spectrometry and optical-emission spectrometry 

gives reason to believe that structure imperfection appeared during irradiation leads to deuterium 

accumulation on the surface tungsten layer in spite of the high irradiation temperature.  
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Abstract 

At present, reinforced concrete or steel sheets with glass enamel are used for the construction of bioreactors, 

fermentation and storage tanks of biogas stations. To a lesser extent, corrosion-resistant steels are used and, 

in smaller dimensions, also plastics or fiberglass. Against leakage and corrosion due to biomass and biogas, 

reinforced concrete is mostly protected by bituminous coatings. Steel components are most often protected 

against corrosion by epoxy resins and cements. On the market there are modern plastic-based coating 

materials with high chemical and mechanical resistance, which can be applied to biogas stations to certain 

product dimensions. An initial study on the applicability of low-permeable ETFE ultra+ and PFA ultra+ 

hydrophobic anti-adhesion coatings of 700-1000 μm for steel components under anaerobic conditions exposed 

to corrosive effects of biomass and biogas was performed. Laboratory simulated conditions corresponding to 

the anaerobic bioreactor at 40 °C ± 1 °C included 2 months of incubation of the sample in biomass-based 

alkaline medium from the 1st fermentation stage of the agricultural biogas plant and then 3 months of incubation 

in acidic medium based on bio-waste mixture. While a structural steel samples lost a significant portion of their 

mass in the biomass contact area and also in the biogas contact area, the stainless steel samples exhibited 

intergranular corrosion under the microscope, and the ETFE and PFA coated samples did not change color or 

roughness, did not swell and no other change was visible. The tested coatings are found to be suitable for the 

protection of steel surfaces in contact with fresh acidic biomass entering the bioreactor, in contact with the 

alkaline slurry or sludge in the bioreactor and in contact with the raw biogas. 

Keywords: Biogas plant, biomass, corrosion, coating, ETFE 

1. INTRODUCTION 

Biogas stations are biomass processing plants, a renewable energy sources producing biogas and a liquid or 

solid product - digestate. These facilities represent a stable, albeit still minority share in the Czech Republic's 

energy mix. The biogas production segment, whether it is on agricultural, industrial or municipal biogas 

stations, or on sewage treatment plants and municipal waste dumps, is slowly developing. Corrosion protection 

is an important aspect here because both raw biomass - bioreactor (fermentor) anaerobic sludge or digestate, 

and biogas are highly corrosive media. 

Crude biomass of the type of cattle slurry, silage, food biowaste, municipal solid waste etc. is corrosive 

especially due to the presence of C1-C5 organic acids, a wide range of cations and anions, for example 

chlorides, sulphides, ammoniacal nitrogen. At entry to crushers and homogenization devices, the pH of the 

biomass is usually 3.0-8.0. For the upcoming hydrolysis and acidification of the prepared biomass mixtures in 

the pre-fermentors, the pH is most often in the range of 3.5-6.0. In methanisation fermenters at 37-43°C  

or 52-56°C, the pH is most often maintained within the range of 7.6-8.2. In the liquid digestate reservoirs the 

value even slightly exceeds the pH limit of 8.6. 
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Raw biogas as most often a mixture of 60% CH4 with 37% CO2 is highly corrosive due to the high moisture 

content (about 2.3% by volume at 20°C), hydrogen sulphide (<2000 ppm H2S), ammonia (<1000 ppm NH3) 

mercaptans (R-SH) and up to several thousand other minor substances. 

At present, reinforced concrete or steel sheets with glass enamel are used for the construction of bioreactors, 
fermentation and storage tanks of biogas stations. To a lesser extent, corrosion-resistant steels are used and, 
in smaller dimensions, also plastics or fiberglass. Reinforced concrete is against corrosion due to biomass and 
biogas most often protected by epoxy or bituminous coatings [1]. Steel components are most often protected 
against corrosion by epoxy resins and cements. Modern plastic-based coatings with high chemical and 
mechanical resistance are available on the market and can be applied to biogas stations to certain product 
dimensions. Due to the high price, very little information is available on the use of ETFE or PFA coatings in 
the biogas plant sector to ensure steady long-term protection against bio-corrosion induced by SRB-bacteria 
and the like [2]. ECTFE coatings are applied to some elements such as valves and sliders. PFA coatings are 
applied primarily in heat exchangers, sampling tubes etc.  

In the framework of an anaerobic bioreactor development project, poly (ethene-co-tetrafluoroethene) coatings, 
ETFE abbreviations, and poly (perfluoroalkoxy alkane), abbreviated as PFA, were obtained. ETFE is a 
recyclable copolymer with high chemical resistance, excellent strength, toughness and durability over a wide 
temperature range (-100°C to + 150°C). In particular, its toughness at low temperatures is excellent. It has a 
very high melting temperature and excellent resistance to chemical, electrical and high-energy radiation. 
Compared with glass, ETFE has only 1% of its weight, it delivers more light (up to 95%), and even the health-
promoting component A of ultraviolet radiation. It is used, for example, for the roofing of airport halls. ETFE 
installation is considerably cheaper than glass, since it does not require a massive load-bearing structure due 
to its weight. It is also more flexible and more tough than glass, can carry up to 400 times its weight. ETFE has 
very good anti-adhesive properties. Thanks to the non-stick surface it has self-cleaning ability. The 
disadvantage is the ease of cutting the foil. Layers up to 7mm can be created. ETFE is most often injected at 
temperatures of 300-340°C. It is essential that all parts in contact with the melt are made of anticorrosive 
materials [3]. PFA (tetrafluoroethene - perfluoroalkyl vinyl ether) is a copolymer with high stability of parameters 
and resistance to aggressive chemicals in the temperature range (-200°C to +260°C). It is a copolymer of 
tetrafluoroethene (C2F4) and perfluoroethers (C2F3ORf, where Rf is a per fluorinated group such as 
trifluoromethyl (CF3). The properties are similar to polytetrafluorethene (PTFE) but the alkoxy group allows 
processing in the melt at 170-430°C. Again there must be all aids from corrosion resistant materials. Due to 
excellent bending strength and excellent anti-adhesive properties, it is used for the production of non-
combustible pipes, heat exchangers, gas purifiers, etc. [4]. PFA is UV stable and weldable [5]. Manufacturer 
of coatings RUDOLF GUTBROD GMBH (Dettingen/Erms, Germany) provided ETFE ultra+ [6] and PFA ultra+ 
[7] test specimens. These coatings can be applied to metal components only under controlled conditions 
directly at the manufacturer. The maximum dimensions of the components are: 7x5x5 m or 9x2.5x2.5 m to the 
maximum weight of 7 tons. 

2. METHODOLOGY 

2.1. Samples 

For the testing of corrosion resistance against biomass and biogas, simple incubation methods were used, 

see below. At first, samples of structural steel of the 11 343 (S235JRG1; Gr.36) type, marked „K“, stainless 

steel 17249 (X2CrNi10; AISI 304 L) type, marked „N“, structural steel with ETFE ultra+ coating, marked „E“ 

and structural steel with PFA ultra+ coating, marked „P“ were prepared. K and N samples were ring (50/30/3 

mm in size) and E and P samples were rings (70/46/12 mm in size). Always three samples of the same type 

were tested. Subsequently, ETFE ultra+ and PFA ultra+ flat samples were obtained from the coating 

manufacturer. The samples were 150x100x7 mm in size and in one corner they were equipped with a Ø 11 

mm hole with a R3 radius to increase the tension of the coating and to verify its long-term adhesion on the 

edge. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1224 

2.2. Coating thickness measurement  

First, the initial thickness of the coating (see below) was measured for ring samples E and P. After incubation 

in corrosive biomass and biogas, the measurement was repeated. Elcometer 456 Coating Thickness Gauge, 

1600 μm range (± 1% accuracy, calibrated to 1000 μm) was used for the measurement. Each of the ring and 

flat coated samples was marked with the front and the top. Each sample was measured at several points (front 

side, back side, inside, outside). Each point was measured 4 times and the average value is shown. No base 

coat was applied to any sample. 

2.3. Weight measurement 

The initial mass of all ring samples was measured by analytical weights. The initial mass of the flat samples 

was measured by conventional laboratory weights. After incubation in corrosive biomass and biogas, 
the measurement was repeated. Weight changes were expressed as a percentage (see Table 2). 

2.4. Incubation in biomass and biogas  

Ring samples were subjected to two consecutive incubations. For the first incubation, three different media 

representing the environment of the anaerobic biogas plant fermenter were selected: 1 - neutral cattle slurry 

from the dairy farm ZEMSPOL Studénka a.s., Pustějov, Moravian-Silesian Region; 2 - slightly alkaline reacting 

biomass from the 1st fermentor of the agricultural biogas station Pustějov; 3 - a slightly acidic mixture containing 

90% of the Pustějov biomass, 7% of the food residues from the VŠB - Technical university of Ostrava canteen 

and 3% of the bio-waste from the production of lanolin. Food residues were chosen as a quick source of C1-

C5 organic acids. Lanolin was chosen as a fast H2S source. Each of the K, N, E and P ring samples was 

suspended in its own glass bottle and from one half was immersed into 2.0 kg of biomass suspension. The 
other half of the sample was exposed to biogas, see Figure 1. The bottles were closed with a nitrile glove and 

placed in a MEMMETR IF450 incubator at 40 ° C ± 0.5 ° C, see Figure 2. 

     

Figure 1 Sample incubation scheme  Figure 2 Ring samples incubation in the 1st and 2nd corrosive media 

After 1 month and 2 months, the samples were removed from the biomass, washed, dried, and the changes 

in weight, coating thickness and biomass pH-value were measured. Subsequently, the circular samples were 

uniformly subjected to the 2nd incubation in the corrosive medium. For the 2nd incubation, three different media 

representing a very acidic biomass mixture were selected: 1 - Acidic food residues; 2 - A mixture of 88% food 

residue and 12% of sugar sorghum; 3 - A mixture of 88% food residue and 12% of milled dry pastry. Such acid 

biomasses are common in homogenization reservoirs, acidification fermenters, some mixing devices, pumps, 

etc. The amount of biomass was once again 2.0 kg, the immersion again was ½ and the temperature was 

again set to 40 ° C ± 0.5 ° C. After 3 months, the samples were removed, cleaned, and the weight and thickness 

of the coating were measured. The surface of the circular samples was examined under a microscope at 100x 

magnification. 

Flat samples were incubated for 3 months at 40 ° C in strongly acidified biomass (mixture of media 2 after 
incubation of ring samples), see Figure 3. 
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Figure 3 Flat samples incubation   Figure 4 Ring samples after all tests 

3. EXPERIMENTAL 

The pH values of media for the incubation of ring and flat samples are shown in Table 1. Changes in sample 

weight are given in Table 2. The thicknesses of the E and P coatings are given in Table 3. Ring samples after 

all tests are shown in Figure 4. 

4. RESULTS AND DISCUSSION 

4.1. pH value change 

For ring samples in the case of the 1st set of media, the pH of the originally neutral or slightly acidic or alkaline 

biomass, due to the ongoing anaerobic digestion process, gradually increased to a value corresponding to the 

NH4+ - NH3 equilibrium. In the case of the 2nd set of media, the pH of the originally strongly acidic biomass 

slightly decreased by the continuing activity of acidifying and acetogenic microorganisms. When the flat 

samples were incubated, the pH of the acid medium was stable. 

Table 1 Incubation of ring and flat samples in corrosive biomass - pH value change 

Base material 

/ Coating 
Ring sample 

pH value [ - ], 40°C ± 1°C 

1st set of corrosive 
media 

Initial 
After 

1 month 

After 

2 months 
2nd set of corrosive 

media 
Initial 

After 3 
months 

Structural 
steel 

/ None 

1K Neutral cattle slurry 7.06 8.17 8.48 Acidic food leftovers 4,58 3.88 

2K 
Slightly alkaline 

biom. 
7.71 8.46 9.06 

Acidic food, 
sorghum 

4.35 3.90 

3K 
Slightly acidic 

biomass 
5.09 8.45 9.04 Acidic food, pastry 4.62 3.95 

Stainless steel 

/ None 

1N Neutral cattle slurry 7.06 7.93 8.41 Acidic food leftovers 4.58 3.76 

2N 
Slightly alkaline 

biom. 
7.71 8.50 8.56 

Acidic food, 
sorghum 

4.35 3.97 

3N 
Slightly acidic 

biomass 
5.09 8.44 8.62 Acidic food, pastry 4.62 3.87 

Structural 
steel 

/ ETFE 

1E Neutral cattle slurry 7.06 7.90 8.12 Acidic food leftovers 4.58 3.72 

2E 
Slightly alkaline 

biom. 
7.71 8.13 8.70 

Acidic food, 
sorghum 

4.35 3.74 

3E 
Slightly acidic 

biomass 
5.09 8.45 8.69 Acidic food, pastry 4.62 3.86 

Structural 
steel 

/ PFA 

1P Neutral cattle slurry 7.06 7.88 7.90 Acidic food leftovers 4.58 3.81 

2P 
Slightly alkaline 

biom. 
7.71 8.43 8.86 

Acidic food, 
sorghum 

4.35 3.73 

3P 
Slightly acidic 

biomass 
5.09 8.46 8.47 Acidic food, pastry 4.62 3.82 

 Flat sample Corrosive medium   

Structural s. 

/ ETFE 

ETFE1 

Mixture of strongly acidified biomass from the end 

of the ring samples incubation 
3.77 

3.95 

ETFE2 3.97 

Structural s. 

/ PFA 

PFA1 3.94 

PFA2 3.99 
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4.2. Weight change  

In the case of the 1st set of media, the decrease in mass of the structural steel samples after two months of 

incubation was approximately three times the decrease in the stainless steel samples. Initially, the slightly 

acidic biomass was the most corrosive. For samples with E and P coatings, a slight increase in weight was 

recorded. The reason is obviously the deposition of the pores of the coatings with biomass particles and 

imperfect drying before weighing, or even a very slight swelling of the coating. In the case of the 2nd set of 

media, most masses (on average 10.7%) lost structural steel samples. The weight loss of stainless steel was 

one order lower. The composition of very acidic medium did not play a bigger role. For E-coated samples, 

weight loss averaged 1%. Explanation is not clear, dissolution of the coating appears to be unlikely. 
For samples with P coatings the weight increased on average by 0.75%, which was probably due to pollution 

or slight swelling. During the incubation of flat samples in very acidic biomass the sample weight did not 

change. 

Table 2 Incubation of ring and flat samples in corrosive biomass - weight change 

Base material 

/ Coating 
Ring sample 

1st set of 
corrosive 

media 

Initial 

(g) 

After 

2 months 
(g) 

Weight 
change 

(%) 

2nd set of 
corrosive 

media 

Initial 

(g) 

After 

3 months 
(g) 

Weight 
change 

(%) 

Structural 
steel 

/ None 

1K 

See 

Table 2 

30.8842 30.6241 -0.84 

See 
Table 2 

30.6241 27.2862 -10.90 

2K 30.4705 30.1914 -0.92 30.1914 27.4511 -9.08 

3K 30.6045 30.3138 -0.95 30.3138 26.6687 -12.02 

Stainless 
steel 

/ None 

1N 28.9905 28.9006 -0.31 28.9006 28.4381 -1.60 

2N 28.8135 28.7199 -0.32 28.7199 28.5148 -0.71 

3N 28.8843 28.7874 -0.34 28.7874 28.4932 -1.02 

Structural 
steel 

/ ETFE 

1E 123.7264 123.7595 0.03 123.7447 121.9829 -1.42 

2E 123.5606 123.8110 0.20 123.8110 121.8456 -1.59 

3E 117.9614 118.2148 0.21 118.2148 117.9736 -0.20 

Structural 
steel 

/ PFA 

1P 121.8324 122.0497 0.18 122.0497 123.5716 1.25 

2P 122.9204 123.1738 0.21 123.1738 123.7369 0.46 

3P 121.9690 122.2291 0.21 122.2291 122.9363 0.58 

 Flat sample      

Structural s. 

/ ETFE 

ETFE1 

- 
See 

Table 2 

629.33 629.36 0 

ETFE2 623.21 623.29 0 

Structural s. 

/ PFA 

PFA1 641.24 641.27 0 

PFA2 635.96 636.02 0 

4.3. Coating thickness change 

The coating manufacturer mentioned a coating thickness of 800 μm for ETFE and PFA ring samples.  

Initial measured coating thicknesses were 690 μm (-47, + 63 μm) for ETFE coating and 1129 μm (-164, + 214 

μm) for PFA coating.  

After incubation of ring samples in the 1st set of media, no significant change in the thickness of E and P 

coatings was found. After the incubation of the ring samples in the 2nd set of media (strongly acidic biomass), 

a slight decrease in the thickness of the E coatings was detected. This corresponds to a slight weight loss. 

Either the ETFE coating has actually been etched, or it is the inaccuracy given by the measurement at different 
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sample points. For P coatings, a slight increase in thickness was observed, but again the measurement 

imprecision could have occurred. The coatings thicknesses of the flats samples, which were easier to measure 

at the same points, did not change after incubation in strongly acidic biomass. Perhaps etching or swelling of 

ETFE and PFA is unlikely to occur. 

Table 3 Incubation of ring samples in corrosive biomass - coating thickness change 

Base mat. 

/ Coating 

Ring 
sample 

Point 
positio

n 

Coating thickness [ µm ], 20°C 

1st set of 
corrosive media 

Initial 
After 

1 month 

After 

2 months 

2nd set of 
cor. 

media 
Initial 

After 

3 months 

Structural 
steel 

/ ETFE 

1E 

1 

See 

Table 2 

1494 1516 1491 

See 

Table 2 

1491 1311 

2 1575 >1600 >1600 >1600 1268 

3 >1600 >1600 1581 1581 1460 

4 >1600 >1600 1554 1554 1321 

2E 

1 1397 1460 1380 1380 1311 

2 1229 1260 1346 1346 1355 

3 1315 1405 1360 1360 1325 

4 1288 1377 1232 1232 1156 

3E 

1 1026 1025 1017 1017 1215 

2 1271 1176 1068 1068 1054 

3 1089 1158 1061 1061 1076 

4 1253 1257 1242 1242 1326 

Structural 
steel 

/ PFA 

1P 

1 1146 1139 1102 1102 1221 

2 1089 1110 1109 1109 1368 

3 1020 1123 1006 1006 1298 

4 1248 1214 1088 1088 1360 

2P 

1 1106 1225 1168 1168 >1600 

2 1124 1273 1240 1240 1524 

3 1059 1213 1127 1127 >1600 

4 1241 1426 1373 1373 >1600 

3P 

1 1227 1122 1123 1123 1167 

2 1376 1161 1239 1239 1225 

3 1129 1071 1075 1075 1121 

4 1381 1289 1287 1287 1317 

5. CONCLUSION 

Corrosion resistance tests of ETFE Ultra+ and PFA ultra+ low-permeability anti-adhesive hydrophobic coatings 

were performed. The thickness of the coating applied to structural steel was 700-1300 μm. After comparison 

with structural steel and stainless steel samples, it is possible to say that the coatings resist under anaerobic 

conditions the corrosive effects of the highly acidic to moderately basic biomass typical of mesophilic biogas 

plants. The coatings also resist the corrosive effects of crude acidic biogas. The coatings prevent high weight 

losses of structural steel and intergranular corrosion of stainless steel. The PFA coating is mechanically more 
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durable. Due to the possibility to apply coatings only at the coating factory, on the surfaces of components of 

limited dimensions, and due to the high price, real application is only expected for key technology components 

and small volume fermenters. 
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Abstract  

This article presents the results of studying the structural-phase state changes of Ti-Al coatings on the surface 

of titanium synthesized by mechanical alloying. The study of the substrate-coating boundary showed the 

practical absence of traces of diffusion of the coatings in the titanium substrate after the mechanical alloying 

process. The mechanism of formation of Ti-Al coatings is due to cold welding and due to deformation 

compaction of powder particles on the surface of titanium under the impact of ball hits. Stirring of coating 

components with the formation of diffusion zones at the interfaces is observed after annealing at 600 ºC. Al3Ti 

is the first phase that forms in the coatings as a result of the interaction of Ti and Al. The compounds Al2Ti and 

TiAl are formed as a result of subsequent reactions between Ti and Al3Ti. After the process of mechanical 

alloying, heat treatment should be used as a complex treatment to accelerate the diffusion processes in the 

coating-substrate system. 

Keywords: Coating, mechanical alloying, structural-phase state, intermetallic compound, heat treatment 

1. INTRODUCTION 

The use of the mechanical alloying method for the production of Ti-Al-based alloys attracted the attention of 

many researchers. However, considering that mechanical alloying is a complex process, since the number of 

parameters is very high (time, size of grinding bodies, mass ratio of balls to powder mass, temperature, 

ambient atmosphere, amplitude and frequency of oscillations), published research results are completely 

different. 

Guo et al. [1] reported that in the powder mixture Ti40Al60, when treated in a planetary ball mill after achieving 

a high degree of amorphization (after 12 h), a further crystalline phase (27 h) appears on further grinding, 

which can be conditionally indexed as TiAl with fcc (face-centered cubic) lattice (a = 0.41 ± 0.05). In the next 

paper [2], where the formation of the metastable fcc phase in the Ti-Al system was studied during the 

mechanical alloying of pure powders, the fcc phase was attributed to the formation of (Ti, O) N. Oehring et al. 

[3] published an entirely different phase evolution of Ti-Al in the planetary ball mill called Fritsch pulverisette 

5, where phase formation occurs due to the formation of a lamellar microstructure of the words Ti and Al, in 

which Al diffusion into Ti occurs. The final products of the synthesis in the Ti˃60at.% Al system are γ-TiAlfct 

(face-centered tetragonal) and metastable solid solutions with hcp (hexagonal close-packed) lattice (α2-Ti3Al), 

and in the Ti-70 at.% Al system, metastable solid solutions of fcc lattice (D022-TiAl3). In Bhattacharya's work 

[4], the solid solution was the only final product of mechanical alloying. And also, Fadeeva et al. [5] showed 

that the solid solution was the only final product of mechanical alloying and the metastable fcc phase is formed 

upon annealing of the solid solution Ti (Al). 

Thus, when summing up the results of numerous studies of phase evolution in the Ti-Al system during the 

mechanical alloying process, it can be noted that the formation of the final product depends on the 
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compositional composition of the Ti-Al mixture and the energy yield of the mechanical alloying process. To 

create chemical bonds of Ti-Al with the formation of new compounds, the leading role is played by diffusion 

accelerated by super equilibrium vacancies (generated during deformation), matter flows along the nucleus of 

dislocations and along the grain boundaries. This requires a large energy intensity (i.e., a large amount of 

energy that the working medium transfers to the processed material during machining), which cannot be 

achieved with mechanical activators in a short time. Proceeding from this, in this paper we studied the 

structural-phase transformation in the Ti37Al63 system (in wt.%) during mechanical alloying and subsequent 

heat treatment. 

2. MATERIAL AND RESEARCH METHOD 

The application of coatings by the method of mechanical alloying was carried out in the SVU-2 (stand vibration 

universal) vibrational mechanical activator. A plate made of technical pure titanium (Grade2) measuring 70 x 

70 x 3 mm was used as the substrate. Ti powders (99 % pure, 45 μm fractions) and Al (99 % purity, 5 μm 

fractions) were used for coating. The powder composition in weight percent Ti is 37 % and Al is 63 %. 

The parameters of the coating process for mechanical alloying are 50 Hz, the amplitude is 3.5 mm, the degree 

of filling of the chamber is 80 %, the coating time is 1 h, the diameter of the balls is 6 mm, the mass of the ball 

is 300 g, the ratio of the mass of the powder to the mass of the balls (mp:mb ) = 1:50. 

The following methods were used for the study of mechanical alloying process: the phase composition and 

structural parameters of the samples were studied on an XRD-6000 diffractometer on CuKα radiation using 

PDF4+ databases; the microstructure of the samples was examined using a scanning electron microscope 

JSM-6390; a qualitative analysis of the elemental composition of the samples was carried out using an Auger 

spectrometer "Schoona-2". The samples were heat treated in a vacuum of 10-4 Pa at 600 °C - 900 °C. The 

holding time at each temperature was 2 h. The samples were cooled with the furnace. 

3. RESULTS AND DISCUSSIONS  

The study of the formation of the structure of coatings is interrelated with the properties of the original 

components. If we consider the mechanism of formation of coatings depending on the physical properties of 

the alloyed components [6], the Ti-Al system refers to the system "plastic-plastic", and the components have 

the most optimal combination for mechanical alloying. According to the mechanism "plastic-plastic" during 

mechanical formation, a layered structure of a plurality of flattened particles of the alloyed metals is formed. 

On the cross section of the sample, the coating structure is clearly visible, which consists of a Ti particle in the 
Al matrix (Figures 1a, 1b). The titanium particles in the aluminium matrix are oblate and in the structure of the 

coatings are more ordered. The lines of Ti and Al were recorded on the diffractogram (Figure 1c). The 

formation of intermetallic, oxide, carbide compounds by X-ray phase analysis was not detected. 

 

Figure 1 Ti-Al coating on the surface of titanium: a) cross section; b) distribution of elements along the cross 

section of the sample; c) diffractogram 
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Figure 2 shows the results of coating studies using layered electron Auger spectroscopy (AES). The elements 

were registered by moving the electron beam from the surface to the bottom along the wall of the ground crater 
(Figure2 b), then, in accordance with the profile, the depth was determined. For the reliability of the results, 

four spectra were recorded at each depth. It can be seen from the AES (Figure 2c) that the coating 

components (Ti, Al) are uniformly distributed over the thickness of the coatings. Figure 3a shows the 

concentration profile of the coatings. According to the AES data, the concentration of the detected elements 

remains constant. However, the aluminum content in the coating is at the level of 3.5 at.%. It is known that the 

AES method, like other methods of electron spectroscopy, makes it possible to obtain information on the 

composition of only the near-surface layers of the sample. The main advantage of AES in comparison with 

many other methods is the very small depth of analysis. Most of the information comes from a depth of 0.5 to 

1.0 nm [7]. Because of this, the AES method is sensitive to the composition of atoms on the surface and 

several near-surface layers of the sample. Proceeding from this, it can be assumed that the Auger electrons 

carried information from most of the titanium conglomerates in the structure of the coatings. 

 

Figure 2 Results of AES: a) the distribution of elements over the thickness of the coatings; b) a crater with a 

profile image; c) Auger spectrum at different depths of the crater 

On Auger spectra of near-surface layers, an increased content of carbon and oxygen is observed. In this work, 

the chamber was not sealed; the surrounding atmosphere penetrated the container during coating. Iron 

contamination is observed on the middle layers of the coatings. In the case of coatings inside the chamber, 

contamination was detected at the coating/substrate interface, and decreased towards the coating surface. 

Perhaps at the initial stages, the self-lining process favors a reduction in the level of contamination, and in the 

following stages, due to plastic deformation, the coating, which consists of a plurality of flattened particles of 

fused metals on the surface of the balls, becomes brittle and collapses leaving the surface of the working body 

(ball). Proceeding from this, on the near-surface layers of coatings, in case of fixing the sample on top of the 

chamber, the probability of contamination with iron is increased on the contrary. 
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Table 1 shows the X-ray phase analysis data of Ti-Al coatings after thermal treatment at temperatures of 600 - 

900 °C. When decoding the diffractogram, possible "traces" of new compounds from the coating elements and 

contamination products were analyzed. 

Table 1 Results of X-ray phase analysis of Ti-Al coatings on the surface of titanium 

Annealing 
temperature 

Detected phases 
The data of the phase structure in the PDF 4+ 

Structure 
type 

Phase 
content, 

wt.% lattice type simple group 

600 °С 

TiAl3 tetragonal I4/mmm (139) D022 79 

Al cubic Fm-3m (225) А1 8 

Ti hexagonal P63/mmc (194) А3 5 

Ti12.9Fe7.2Al9.9 cubic Fm-3m (225) А1 4 

Ti0.15Al0.85 cubic Fm-3m (225) А1 4 

700 °С 

TiAl3 tetragonal I4/mmm (139) D022 87 

Al cubic Fm-3m (225) А1 6 

AlTi3C cubic Pm-3m (221) B2 4 

Ti hexagonal P63/mmc (194) А3 3 

900 °С 

TiAl3 tetragonal I4/mmm (139) D022 49 

TiAl tetragonal P4/mmm (123) L10 19 

Al2Ti tetragonal I41/amd (141) - 18 

Ti0.25Al0.75 cubic Fm-3m (225) А1 13 

The phase composition of the coatings after annealing at 600 °C mainly consists of the Al3Ti phase and small 

trace lines of Al, Ti, Ti12.9Fe7.2Al9.9, Ti0.15Al0.85. Al3Ti with the D022 structure is a stable phase in the 

system compared to the two modifications of L12 and D023 of this phase. Calculations of lattice dynamics of 

the crystals give the relative energy stability of the Al3Ti phases in the form D022 <D023 <L12 [8]. The authors 

of Ref. [9] reported that when mechanical alloying of Al and Ti powders with a bulk composition of Al3Ti leads 

to the formation of a fcc phase with lattice dimensions near the structure of L12. Restoration of the equilibrium 

of the system was shown by thermal analysis, which led to the formation of L12 phases (at 365 °C), D023 (at 

454 °C) and D022 (at 637 °C). The mechanical alloying of powders with composition Al0.95Ti0.05, 

Al0.90Ti0.10, Al0.85Ti0.15, Al0.80Ti0.20 and Al0.75Ti0.2 was studied in [10] before and after annealing at 

temperatures of 600 °C-920 °C. The D022 phase was observed for all compositions at the corresponding 

highest temperatures. The temperature interval in which the D023 phase was observed increases with 

increasing Ti concentration. In our work, according to the data of the roentgen phase analysis, the coating 

consists of Al63.4Ti36.6 wt.%. The formation of D023-Al3Ti was not detected; the D022-Al3Ti phase is the only 

phase at all study temperatures. 

The Ti0.15Al0.85 compound corresponds to the stoichiometric composition Al85.00Ti15.00 at.% 

(Al76.15Ti23.85 wt.%). Local formation of a composition corresponding to this composition is entirely possible, 

since the composite structure of the coatings is different, according to the result, the study of the distribution 

of elements along the thickness of the coatings. 

The phase Ti12.9Fe7.2Al9.9 corresponds to the stoichiometric composition of Ti43Fe24Al33 at.% 

(Al20.76Fe31.25Ti48.00 wt.%). On the basis of the results of elemental analysis carried out by various 

methods, it can be said that in the coating composition the iron content is not sufficient for the formation of 
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Ti12.9Fe7.2Al9.9. It should be noted that the accuracy of the quantitative phase analysis is usually 5-10 % of 

the determined value. Based on this, we can say that the content of these phases is at the background level. 

After annealing at 700 °C, the content of the Al3Ti phase increases, Al, Ti reflexes are present. Small traces of 

AlTi3C compounds were found which correspond to the composition Al20C20Ti60 at.% (Al14.77C6.58Ti78.65 

wt.%). The triple Al-Ti-C compound is formed as a result of in situ reaction between Al-Ti melts and various 

carbon sources, such as CH4, C-fibers or Al2C3 particles at temperatures usually above 900 °C [11]. And also 

in the samples of coatings after annealing, it was not possible to establish the presence of Al2O3, which was 

supposed to be higher in the form of an amorphous phase. In [12]at temperatures above 1123 K, the 

crystallization of Al2O3 from the amorphous phase in γ-Al2O3 was observed in the composition A1-25 at.% Ti. 

However, the formation of Al2O3 during annealing at 900 °C was not observed. 

When the Ti-Al coating is annealed at 900 °C, the volume fraction of the Al3Ti compound is reduced. The 

absence of aluminum and titanium in the final product shows complete dissolution of Al in Ti with the formation 

of new intermetallic compounds, which are the basis of the interaction product in the system under study. Form 
r-Al2Ti (Pearson symbol tI24, space group I41/amd) and TiAl with L10 superstructure (Pearson symbol tP2, pg 

P4 / mmm) and Ti0.25Al0.75 connection (Pearson symbol cF4, prg Fm-3m). The formation of the Ti0.25Al0.75 

composition can be due to periodic reordering of the atoms in the process of phase transitions. In [13], the 

alloy Ti-62 at.% Al annealed 4h at 900 °C, 950 °C and 1000 °C, the alloy consisted of TiAl and r-Al2Ti, according 

to the Ti-Al state diagram. The presence of the phase Al3Ti and Ti0.25Al0.75 indicates an incomplete phase 

transition after annealing for 2 h. However, after annealing at 1000 °C, the structure of the coatings consists 

of TiAl and Al2Ti due to the complete recrystallization of the Al3Ti phase [14].  

The change in the phase composition of the coatings is accompanied by a change in the microstructure of the 

coating surface as a result of activation of the diffusion process between the Ti and Al coating components. 
Figure 3 shows the cross-section of the coatings after annealing at 600 °C and 900 °C. 

 
Figure 3 The structure of the cross section of the coatings after annealing a) 600 ºС; b) 900 ºС 

Stirring of coating components with the formation of diffusion zones at the interfaces is observed after 

annealing at 600 ºC. An increase in the heating temperature to 900 °C leads to a coalescence of the particles. 
Figure 6a shows the formation of a diffusion zone at the substrate/coating interface and the formation of fine 

particles along the boundaries of larger particles, which, judging from the contrast, have a higher average 

atomic phase number. Thus, it can be assumed that as the temperature rises, as a result of the reaction 

between Ti and Al3Ti, Al2Ti and TiAl compounds begin to form along the boundaries of Al3Ti particles. This 

process leads to the development of interparticle bonds, the fusion of particles and the shrinkage of the coating. 

Thus, when Ti-Al coatings are annealed in the temperature range 600 °C - 900 °C, Ti-Al intermetallide phases 

form on the titanium surface. Al3Ti is the first phase that forms in the coatings as a result of the interaction of 

Ti and Al. The compounds Al2Ti and TiAl are formed as a result of subsequent reactions between Ti and Al3Ti. 

To accelerate the formation of Ti-Al intermetallic compounds, thermal annealing should be used as a complex 

treatment after coating with a mechanical alloying method. 
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4. CONCLUSION 

It has been established that in the initial stage of formation of Ti-Al coatings, the process of conglomeration of 

a particle of Ti and Al powders occurs, the soft-element particles, in our case Al, envelop the Ti particles, 

forming a plastic matrix on the surface of the substrate. Under the action of impacts, the Ti particles are driven 

into the plastic matrix; as a result, a coating is formed; 

The mechanism of formation of Ti-Al coatings is due to cold welding due to deformation compaction of powder 

particles on the surface of titanium under the impact of ball hits; 

When Ti-Al coatings are annealed in the temperature range 600 °С - 900 °С, Ti-Al intermetallide phases are 

formed on the titanium surface. Al3Ti is the first phase that forms in the coatings as a result of the interaction 

of Ti and Al. The compounds Al2Ti and TiAl are formed as a result of subsequent reactions between Ti and 

Al3Ti. 
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Abstract 

The article describes a new method of applying titanium coatings on ceramic surfaces using special tools - 

rotating brushes with titanium fibers. The soldering of ceramic-metal joints involves the use of expensive active 

solder eliminating the lack of wettability of the ceramic. More economically advantageous solution is to give a 

wettability to the ceramic surface, by applying a durable titanium coating and using a wider range of soldering 

materials. The titanium coating obtained by means of friction metallization can be used as an alternative to 

metallization, for example by thermal spraying methods. The metallization method using rotating brushes 

enables the titanium coating to be applied on flat and 3D surfaces. The article outline the structure of the tool 

and the method of applying the coating, as well as the results of the tests carried out. 

Keywords: Friction metallization, metallization of ceramics, titanium coating, cup brushes, soldering ceramics  

        and metal 

1. INTRODUCTION 

Using ceramic materials in technology imposes the necessity of creating ceramic-metal joints. The basic 

problem of joining metal and ceramic is the difference in their physical and chemical properties and different 

atomic bonds which resulting low wettability of ceramic surfaces by large part of liquid metals [1,2]. Titan is 

one of the few elements that reacts with nitrogen, oxygen or aluminum, which are components of ceramic 

materials [3,4]. 

In case of the process of joining ceramic with metal, the ceramic material remains solid and the joined metal 

is melted [5. The metallic coating obtained by the friction method allows to occur a connection between the 

ceramic substrate and the metallic coating with keeping solid state of both materials [5,6].  

The most popular methods of applying titanium coatings on ceramic surfaces are thermal spraying (flame), 

detonation spraying, arc or plasma spraying [7]. These technologies are extremely time-consuming and costly, 

an additional problem is the heating of processed parts up to 150 °C and high noise levels during the process. 

Regular thickness of titanium coating on curved surfaces is difficult or impossible to obtain by using these 

technologies. There are also special active solders that allow making ceramic-metal joints without additional 

coatings, but they are not widely available and their prices are high. Ceramic-metal joints are also realized by 

means different methods where the energy for joining are delivered in way of friction or in a different mechanical 

manner [10-15]. 

In the proposed method, a rotating brush with titanium fibers was used as the coating application tool. The tool 

can be mounted in a standard CNC machine tool holder and the workpiece can be attached by using standard 

tool holders, such as vices or dedicated fasteners depending on the shape of the workpiece. The friction 

technology of titanium coatings does not require the use of vacuum chambers and additional machine tool 

modifications. 
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2. PREPARATION OF TITANIUM COATING ON CERAMICS 

There are more and more brush tools on the market for metalworking tools. An example of this is the Xebec 

rotary tools [16]. Tools are equipped with ceramic fibers to improve surface roughness and deburring [17]. 

Unfortunately, all of the offered tools are used to remove the top layer of material. In the proposed method, the 

titanium fibers of the rotating brush are rubbed into a ceramic substrate. 

The titanium coating is obtained by rotating friction with the 

front of the brush along with the transmission of a straight-

line translational movement to increase the machining 
surface (Figure 1). 

During the tests, two versions 

of the tools Prototype 1 and 

Prototype 2 were made. The 

Prototype 1 tool has a similar 

structure to the ceramic tools 

used for material removal. 
Prototype 1 (Figure 2) 

consists of a compensating 

holder mounted to the CNC 

machine spindle. The tool 

body with the insert with 

titanium fibers (Grade 2) is mounted in the compensating holder. The first 

version of the tool used eight fiber packages located circumferentially on the 

face of the insert, the thickness of 

a single fiber was 0.3 mm, and its 

length was 40 mm. A spring was 

used in the compensating holder, 

which allowed to achieve a 

pressure force of approx. 9N. 

After the first tests, it was found 

that the fibers are not rigid enough and it was decided to make 

another tool. After analyzing the conclusions of the research, the 
Prototype 2 tool (Figure 3) was designed and made, differing in 

its design from the predecessor. Prototype 2 does not have an 

additional compensating grip, which provides a constant 

clamping force and allows for easier adaptation of the fibers to 

the work surface, including flat surfaces and 3D surfaces. In 

similar friction metallization tests using a titanium rod tool [3], the 

ceramic substrate was sometimes destroyed due to insufficient 

elasticity of the tool with respect to the substrate material. The 

function of the compensating grip has been taken over by the 

spring inside the body. In addition, a spring was used to obtain a 
pressing force of up to about 88 N. Figure 4 shows the half-

section view of the Prototype 2 tool, in the body 1 similarly to the 

Prototype 1 version there is a pressure spring 2 and an insert 5 

with eight titanium fiber packages 6. The tool body has two 

channels 3 that enable the insert to be secured with screws 4. The 

thickness of a single fiber increased to 0.4 mm, and the fiber length was reduced to 10 mm. 

Figure 1 The principle of the rotary brush 

tool with titanium fibers (own case study) 

Figure 2 Prototype 1 tool 

with compensating 

handle mounted in the 

CNC machine spindle 

(own case study) 

Figure 3 Prototype 2 tool with 

compensating handle mounted in the 

CNC machine spindle (own case 

study) 
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The changes made in this way allowed to obtain a tool with a more compact 

construction and to obtain fibers with higher stiffness. In both Prototype 1 

and Prototype 2, titanium fiber bundles were glued into the insert with an 

epoxy resin. The substrate material was discs with diameters from 70 to 80 

mm made of AlN and Al2O3 ceramics. Ceramic discs have been glued to 

metal bases enabling easier mounting on the machine. 

3. SELECTION OF MACHINING PARAMETERS 

The friction metallization 

process was performed on 

the Cincinnati Arrow 500 

milling center. For each of 

the tests, the samples were 

mounted in a three-jaw 

chuck mounted on the CNC 
machine table (Figure 5). 

The research focused on 

determination of optimal 

machining parameters such 

as: spindle speed, tool 

clamping force and tool feed 

speed on the ceramic 

substrate. 

In the first part of the tests made with the Prototype 1 tool, the 

rotational speed of the tool was changed from 1000 rpm to 

6000 rpm, the tool pressure was constant and was about 9 N, 

the feed speed was selected so that a constant feed rate could 

be obtained at tool rotation of 0.01 mm/rev. The best results 

were obtained after using the spindle speed of 6000 rpm 
(Figure 6a stitch no. 1). In the further part of the research, using the Prototype 1 tool, the feed rate was 

changed to 0.016 mm/rev which resulted in a longer time of rubbing and improved the effect (Figure 6b stitch 

no. 3). 

 

Figure 6 Samples made with Prototype 1 tool, a) change of tool speed, b) change of tool feed speed  

(own case study) 

Figure 5 The Prototype 2 tool during 

working on the Cincinnati Arrow 500 

center (own case study) 

Figure 4 Prototype 2 tool 

(own case study) 
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In the next part of the tests made with the Prototype 2 tool, tested parameter was the tool pressure. During the 

tests the clamping force was changed in the range from approx. 88 N to approx. 28 N while maintaining the 
rotational speed of the tool of 6000 rpm and a constant feed per revolution of 0.016 mm/rev (Figure 7). 

 

Figure 7 Samples made with Prototype 2 tool, stitch no. 1 pressure force 88 N, stitch no. 2 pressure force 

73 N, stitch no. 3 pressure force 53 N, stitch no. 4 pressure force 48 N, stitch no. 5 pressure force 38 N, 

stitch no. 6 pressure force 28 N (own case study) 

In the test with the change of the clamping force parameter, the best effect was observed for the clamping 

force value of approx. 48 N. In the case of a higher pressure force, the effect deteriorated, which was caused 

by the excessive spreading of the fibers from side to side and the lack of proper rubbing of the fibers into the 

substrate. In the case of a lower value of downforce, there was a coating on the samples. The resulting coating 

was a titanium fiber dust that rubbed against the substrate leaving a weaker layer of titanium on the ceramic. 

After the tests, it was found that the most optimal parameters for the Prototype 1 tool is the use of a rotational 

speed of the tool of 6000 rpm, a value of 50 N clamping force, and the value of the tool feed rate of 0.01 
mm/min. Figure 8 shows the titanium coating applied with the above-mentioned machining parameters. 

 

Figure 8 Titanium coating made with the following parameters: 6000 rpm; 50 N; 0.01 mm/min (own case 

study) 

Studies were also carried out using a shield in an argon atmosphere. Similar tests [4] showed the possibility 

of making a coating of pure titanium and coating TiO and TiN for the substrate made of AlN ceramics. In the 
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further part of the research, it is planned to increase the rotational speed of the tool, lower the feed speed, 

measure the coating thickness, analyze the coating phase on the AlN and Al2O3 ceramics, perform soldering 

tests and solder picking tests. 

CONCLUSION 

The proposed method can be an alternative when making titanium coatings on ceramic surfaces. The use of 

high rotational speeds of the tool (≈6000 rpm) allows the creation of a titanium coating by providing sufficient 

kinetic energy, and the use of low feed speeds ensures longer time of rubbing the titanium fibers into the 

sample allowing for a more uniform coating. The value of the clamping force depends on the length and 

thickness of the fibers. A single fiber must have adequate stiffness. It is possible to obtain coatings consisting 

of TiO, TiN or pure titanium depending on the atmosphere used during the process. 
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Abstract 

The paper presents the possibility of using the ImageJ computer program for image analysis as a method of 

assessing the proportion of sample surfaces occupied by corrosion. The program allows to calculate the size 

of any graphic selection and calculates the number of pixels contained in it, can also measure distances and 

angles between points or elements of images. The study used a sample made of steel 23MnB4. After preparing 

the surface, the samples were divided into three groups, which were then subjected to galvanic, hot-dip and 

lamela process. After the galvanizing, metallographic examinations were carried out during which the thickness 

and structure of the applied layer were assessed, and then corrosion tests were carried out in a salt chamber. 

The final stage of the research was a computer analysis of the image of the sample surfaces to be tested. For 

this purpose, the ImageJ program was used. The evaluation of the corrosion process using computer image 

analysis proves that such an assessment is more accurate than the method recommended by standards or 

comparison with standards and can serve, in addition to traditional measurements, to quantify the corrosion 

rate in a salt chamber. The unquestionable advantages of the program are its free availability, the possibility 

of expanding its own extensions and cooperation with any operating system. 

Keywords: Computer program, surfaces, steel, salt chamber, ImageJ 

1. INTRODUCTION  

Issues of resistance of engineering materials in natural and artificial environments are extremely important in 

the design of structures and machine parts. Improper selection of fasteners and the type of fastening has a 

significant impact on the premature appearance of corrosive foci and, consequently, on the reduction of the 

mechanical strength of the entire structure [1,2].  

The common use of bolted connections results from the ease and speed of their assembly, often in difficult 

conditions (eg at significant altitudes or in hard to reach places), low labor intensity of these operations and 

lack of dependence on atmospheric factors (eg unfavorable weather, which sometimes becomes a problem 

for making welded joints). The time of assembly completion and the lack of the need to employ qualified 

employees for this work are also important [3,4]. Corrosion from the point of view of durability of screw 

connections in parts of machines and devices is of particular importance as it leads to changes in the chemical 

composition of the material in contact with the atmosphere. Corrosion results in, among others: reduction of 

the cross-section, increase in the weight of the structure, formation of gaps, pits and other losses [5].  

Corrosion is a phenomenon that can not be completely eliminated, but can be significantly reduced. The 

degradation of materials due to corrosion can be effectively reduced by skilful prevention, eg through the 

proper selection of materials or the use of corrosion protection methods. Corrosion protection of screw 

products has, among others for the task of protecting the material against loss of mechanical properties [6,7]. 

Among the proposed methods, the application of protective coatings seems to be the most appropriate 

compromise between the cost and the effectiveness of anti-corrosion protection. For corrosion protection of 
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threaded fasteners, the most frequently used element is zinc, which is applied to the surface of the screws by 

several methods (hot-dip galvanizing, galvanic, lamellar). 

2. OWN RESEARCH 

The tests were carried out on samples made of 23MnB4 steel with a typical chemical composition in 
accordance with EN 10263-4-2001 (Table 1). Samples were taken from hexagon bolts used, among others in 

the automotive industry. The next stage of the experiment was the galvanizing process made by three different 

methods: fire, galvanic and lamella. The parameters of galvanizing processes and surface preparation method 
are presented in Table 2. The tests of zinc coatings included: roughness measurements of the obtained zinc 

coatings, resistance tests in salt chamber and computer image analysis. 

Table 1 Chemical composition of investigated bolts 

Chemical composition (%) 23MnB4 (1.5535): EN 10263-4-2001 

C Si Mn P S Cr Cu Ni 

0.2 - 0.25 max 0.3 0.9 - 1.2 max 0.025 max 0.025 max 0.3 max 0.25 Max 0.005 

Table 2 Parameters of Zn coating process 

No Kind of process Surface preparation 

1 
Electro-galvanizing acc. 

PN-EN ISO 4042 

• chemical degreasing, temp. 60 °C 

• etching in 18 % HCl and 10 % H2SO4 with inhibitors  

• degreasing and electro-polishing, temp. 60 °C, 1000 A 

• galvanization in the weak acid chlorine Zn bath, temp. 35 °C, 

• passivation - jons Cr3+, Co 2+, NO3
- temp. 45 °C, pH 1,9 

2 
Hot-dip acc. 

PN-EN ISO 10684 

• etching in 12 % HCl 

• fluxing 

• galvanizing in the bath: Zn with additions Al, Bi, Ni; temp. 460 °C 

• cooling in water 

3 
Lamellar acc. 

PN-EN ISO 10683 

• shot blasting 0.4 mm 

• triple painting (95 % Zn, 5 % Al) 

• temperature holding in 120 °C, cooling to temp. 25 °C - air jet 

3. TEST RESULTS 

After application of zinc coatings in accordance with the methodology presented in Table 1, surface geometry 

tests were carried out, which can significantly affect the final effect of the quality of the obtained protective 

coating. Stereometric examinations were carried out in 3D, using the Perthometer Concept (MAHR) 
profilometer. Sample isometric images of the surface are shown in Figure 1. The average measured values 

of roughness of applied zinc coatings before and after salt chamber tests are shown in Figure 2. 

a)  b)  

Figure 1 Isometric image of the surface: a) before corrosion test, b) after corrosion test 
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Figure 2 The average values of measured roughness parameter sRa 

Corrosion resistance tests were carried out in a salt chamber (NSS). The parameters of the accelerated 

corrosion process were as follows: corrosive medium - NaCl 50 ±5 g/dm3, air pressure 1 bar, inside 

temperature 35 °C. After removing from the chamber, the samples were cleaned and then a computerized 

image analysis was carried out. In order to more precisely determine the share of the surface of the samples 

occupied by the "red corrosion“, a computer image analysis was used - the "Image J" program, version 1.48. 
For example, in Figure 3a screen shot is presented during the process of processing photographs of the tested 

samples. Figure 4 presents the next stages of computer image analysis on the example of sample number 2 

- after 24 hours of corrosion test. First, the scale was calibrated by assigning a section of known length in mm 
or μm to the same section on the screen, which creates a row of pixels of a known number (Figure 3).  

 

Figure 3 Screenshot of the "Image J" program along with the analyzed surface of the sample 
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In the analyzed case, these were the dimensions of the samples. Next, the area covered with corrosion was 

marked with appropriate thresholds of color limits, after which the picture mode was changed from color (RGB) 
to the image in shades of gray (Figure 4b). The last step was to mark a specific area and calculate the 

percentage of the surface covered by corrosion or free of its products - Figures 3, 4c. During the tests, the 

measurements were carried out 10 times, and their average results are shown graphically in Figure 5. 

         

a)      b)      c) 
Figure 4 The next stages of photo analysis from the surface of the samples subjected to the corrosion test: 

a) the surface of the analyzed sample, b) the surface covered with corrosion marked with white color, c) the 

final determination of the area covered with red corrosion 

 

Figure 5 Kinetics of corrosion of samples after galvanizing expressed as a percentage of the area covered 

by "red corrosion” 

4. RESULTS ANALYSIS 

The analysis of the surface condition of the tested zinc coatings showed that the coatings obtained by the fire 

method are characterized by the highest roughness. The average measured value of the sRa parameter was 

2.44 μm. In the case of the other two coatings, these values were decidedly smaller. For the lamella coating 

sRa = 0.95 μm and for the galvanic coating sRa = 0.24 μm. Surface condition tests were performed again for 

samples that were tested in a salt chamber. The mean arithmetic deviation of the sRa profile was slightly 
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higher. For the fire coating sRa = 2.87 μm, for the lamella coating sRa = 1.17 μm, and the smallest value was 

measured for the galvanic coating sRa = 0.89 μm. The immediate cause of increased roughness of zinc 

coatings was the appearance of corrosion products on the surface.  

Computerized image analysis enabled quantitative determination of the area covered by the so-called "red 
corrosion". Corrosion rate, which is expressed by the derivative of the characteristic from Figure 5 according 

to time, can be estimated by intervals as the tangent of the slope of the characteristic curve to the time axis. 

In the initial phase of the test (0÷24 h), the corrosion rate for the galvanic coating is 2.75 %/h, for the fire 2.71 

%/h, and for the lamel coating 3.16 %/h. In subsequent phases of the test, the rate of corrosion decreases and 

so for the interval 24÷48 h it is 0.42 %/h for the galvanic coating, 0.79 %/h for the fire coating, and for the lamel 

coating 0.58 %/h. For 48÷72 h times the corrosion rate did not change and amounted to 0.16 %/h for galvanic 

and fire coating, and for the lamella coating 0.2 %/h. For the last time interval 72÷96 h it was similar for all 

coatings and ranged from 0.125 %/h to 0.13 %/h.  

The assessment clearly shows that in addition to traditional methods, such as mass change measurement, 

also using computer image analysis, the speed of the corrosion process can be determined quite precisely, 

not stopping on a zero-one evaluation (whether or not) by PN, or by comparing samples to patterns. 

5. SUMMARY AND CONCLUSIONS 

• The conducted research shows that computer image analysis can be used to determine the speed of 

the corrosion proces. 

• For the determination of the corrosion kinetics of flat samples, computer image analysis can be 

successfully used, which enables a more precise comparison of the corrosion process than a 

macroscopic examination. 

• The smallest roughness is shown by the surface of the galvanic coating, which is characterized by the 

highest corrosion resistence. 

• Studies using computer image analysis confirmed that the highest corrosion rate of about 2.75 %/h, 

observed in the initial phase of the test (0-24 h). 

• After 24 hours, the corrosion rate decreases to about 0.15 %/h. 
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Abstract  

This paper presents the results of investigation considering the morphology of surface layers produced by 

electro-spark deposition (ESD). It is a pulsed micro-welding process used for small scale and precision repair 

of high value worn or misfabricated components. The consumable electrode material is deposited onto the 

work piece by means of electric sparks in a manner reverse to spark erosion. In the electro-spark deposition 

process, the electrode is the anode and the work piece is the cathode. It has been found that the surface layer 

produced by ESD has good criteria resistance by changing the process parameters and promising protective 

properties. In the experiment, the coatings were electro-spark deposited with using an Alloy 400 electrode (the 

anode) - onto samples made of CuZN30 Bras (the cathode). The morphology of the layers is shown in the OM 

and SEM photomicrographs. As a result of the electric discharge, diffusion of individual elements was 

observed. For diffusion observations, ESD analyzes were performed on the cross-section of the produced 

layer. Microhardness measurements were also carried out. 

Keywords: Electro-spark deposition, ESD, alloy 400, protective coatings, microstructure 

1. INTRODUCION  

Electro-spark deposition (ESD) [1-6] is particularly suitable for repairing small and shallow defects, but it is not 

suitable for large defects, since the process is slow and the maximum thickness of the coating is about 2mm. 

ESD can also be considered as a process to increase the wear and the erosion resistance of small surface [6-

11]. Many applications require the components to have excellent surface performance, such as corrosion 

resistance and wear resistance as well as the build up of worn or damaged areas on parts. To meet these 

requirements, some components are built with specific materials, compromising other properties and cost. The 

short duration of the electrical pulse allows for an extremely rapid solidification of the deposited material and 

results in an exceptionally fine-grained, homogeneous coating that approaches to an amorphous structure. 

The low heat input eliminates deleterious thermal stresses or changes in metallurgical structure [12-16], 

otherwise known as the HAZ, allowing it to be considered for heat-sensitive applications. ESD is also an 

environmentally friendly process, and the deposition of toxic materials can be accomplished with the use of a 

fume hood to capture any dangerous gases that may evolve. The compact ESD equipment is so relatively 

easy to operate that it could be incorporated for use on-site and perform intermediate-level maintenance 

activities [17-21]. Components that would normally have to be removed from the technical system could also 

be repaired on-site, eliminating costs and waste generation. There are also significant environmental benefits 

associated with the implementation of ESD technology including the elimination of brush and hard chromium 

plating and the wastes associated with its use. ESD silverin coatings should give possibility to raise functional 

parameters of elements made of CuZn30. They can also be used to regenerate worn bras elements. 
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2. EXPERIMENT  

2.1. Materials and layer fabrication 

For the tests there was selected an Alloy 400 - member of Nickel-Copper alloy series produced by Deutsche 

Nickel GmbH include Silverin 400 (Alloy 400, 2.4360), Silverin 405 (Alloy 405, 2.4363) and Silverin 500 (Alloy 

K-500, 2.4375). These alloys retain relatively high mechanical properties and excellent corrosion resistance at 

both low and high temperatures. Due to their excellent resistance to sea-water and other corrosive media, 

these alloys are typically found in Oil & Gas, as well as Chemical industry applications. In the experiment, the 

coatings were electro-spark deposited with using an Alloy 400 electrode with a cross-section of 2 x 3 mm (the 

anode) - onto samples made of CuZN30 Bras (the cathode). The chemical composition of CuZn30 is shown 

in Table 1 and the chemical composition of alloy 400 electrode is shown in Table 2. The chemical composition 

of used materials allows for good adhesion of the applied layer. Based on previous experience, the values of 

machining parameters have been selected.  

Table 1 The chemical composition of CuZn30 

element Cu Pb Al Fe Ni Sn Zn 

% 69.0 - 71.0 max. 0.05  max. 0.02  max. 0.05  max. 0.3  max. 0.1  balance 

Table 2 The chemical composition of alloy 400 electrode 

element Ni Cu Fe C Mn S Si 

% 63.0 min 28.0-34.0 2.5 max 0.3 max 2.0 max 0.024 max 0.05 max 

The equipment used for electro-spark deposited was specially designed for the experiment. Reaching our 

current experience, based on previous research, following parameters were assumed to be optimal for ESD 

technique: voltage U = 600 V, capacitor volume C = 50 μF and 150 μF, frequency of the spark-intervals  

F = 50 Hz.  

2.2. Test methods  

After ESD coatings, the specimens were sectioned, placed in cold setting acrylic resin (VariDur 10) and 

prepared for microscopic analysis with a STRUERS automatic polishing machine. The final polishing was 

performed using a 0.05 μm Al2O3 (Microdiament) suspension. The preparation of the specimens for the OM 

and SEM examinations did not include etching. The structure analysis was conducted using a JEOL JSM 

7100F (field emission) scanning electron microscope. The chemical composition of the specimens was studied 

by means of an EDS spectrometer Oxford X-MAX [22-25]. Microhardness tests were carried out by using 

INNOVATEST Nexus 4504 with Vickers indenter. Applied load was 0.1961 N for 15 s. The indentations were 

positioned at regular intervals in the transverse direction across the surface layer, from the fusion zone up to 

the base metal. 

3. RESULTS  

On the cross-section of the produced layer with use of a 50 µF capacitor, there was observed significant 

porosity with a large number of cracks. Observations of the layer formed using a 150 μF capacitor revealed 

much better coating quality. Figure 1 shows SEM image of the cross-sections of the specimen. The 

photograph of the microstructure exhibits a distinct boundary between the coating and the substrate coating 

and visible pores. Electro coating thickness obtained for the test samples was about 40 to 60 μm. Chemical 

composition tests for surface layer have been carried out using X-ray microanalysis. Figure 2 shows analysis 
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of chemical composition in points, and we can observe the diffusion of the electrode in to material. Table 3 

shows results marked on Figure 2a and Table 4 shows results marked on Figure 2b. Figure 3 shows analysis 

of linear distribution elements in cross-section of analysed samples. The mechanical behaviour of the coatings 

was characterized by measurement of micro-hardness. Alloy 400 NiCu coating presented a hardness around 

230 HV; Figure 4 shows intender view on BM, FZ and layer on samples 150 μF. During the ESD process, 

some heat is added, raising the temperature of local spots on the electrode surface to melting point; however, 

the heat does not raise the temperature of the substrate high enough to melt it significantly or cause substantial 

microstructural changes. Also, the much greater thermal sink in the substrate, and the pulsed nature of the 

spark results in transitory melting of the substrate and formation of very small HAZ adjacent only, to the surface 

with a depth of about 2 μm. Due to high conductivity of the substrate and the fact, that the time between the 

sparks is relatively very long to the sparks duration, it allows for quick dissipate the heat supplied to the 

substrate.  

       

Figure 1 SEM micrographs of sample (a) 50 μF and (b) 150 μF, magnification 1000x 

Table 3 Results analysis of chemical composition in points marked on Figure 2a 

Result Type Weight % 

Spectrum Label Si Mn Fe Ni Cu Total 

1 1  0.42 1.82 61.56 36.19 100.00 

1 2 0.24 0.69 2.05 61.50 35.51 100.00 

1 3  0.43 1.76 57.13 40.68 100.00 

1 4   1.58 56.08 42.34 100.00 

Table 4 Results analysis of chemical composition in points marked on Figure 2b 

Result Type Weight % 

Spectrum Label Cu Zn Total 

1 68.66 31.34 100.00 

2 68.41 31.59 100.00 
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a)     b) 

Figure 2 The specimen cross-sections SEM image for capacitor volume 150 μF with analysis of chemical 

composition in points 

 

 

 

 

 

Figure 3 The specimen cross-sections SEM image and linear distribution elements in cross-section of  

150 μF covered sample 
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Figure 4 OM image of intender marks on BM, FZ and layer on samples 150 μF 

4. CONCLUSIONS 

In this study, the following conclusions were obtained, considering interesting properties of alloy 400 protective 

coatings covering CuZn30 by ESD method. An Alloy 400 coating layers having a thickness range 30 µm to 60 

µm were formed on the surface of CuZn30 Bras substrate using ESD technique. The alloy 400 coatings include 

some microcracks lying throughout the coating from surface to interface which is nature of this process. The 

maximum cross-sectional hardness of the coatings was in the range of 230 HV. The bonding zone under the 

coating was formed by mixed materials of the electrode and the substrate. The coating makes metallurgical 

bonding to the substrate with an excellent bonding stability and intensity. The cooling rate in the ESD process 

is about 105 K⋅s−1 which is much higher than that in the conventional fusion welding processes. Because of 

the extreme cooling rate involved, there is no heavy elemental segregation in this process and this results in 

the prevention of formation of grain boundary terminal solidification constituents, which are the sources of 

liquation cracking. However, it seems important to provide enough energy in the application process that 

minimizes the tendency to crack and delaminate the layer being applied. 
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Abstract  

Research conducted in many scientific centers on the operational properties of machine parts has shown that 

one of the critical components affecting the fatigue strength of parts is the condition of the surface integrity of 

their ingredients. In the case of elements produced by electrical discharge machining, the processes occurring 

during removal of the material: thermal and chemical, constitute the surface layer with different properties to 

the bulk material. In the paper presents results of experimental investigation of influence EDM process 

parameters on surface layers properties. The research was conducted using graphite electrode with varying 

discharge current, pulse duration, pulse interval. Furthermore, the mathematical model was established to 

estimate the influence of EDM parameters on surface roughness.  

Keywords: Electrical discharge machining, surface roughness, micro-cracks 

1. INTRODUCTION  

The research conducted in many scientific centres on the exploitation properties of machine parts has shown 

that one of the essential components influencing the fatigue strength of devices is the condition of the surface 

layer of their components. Electrical discharge machining is precision methods of manufacturing hard, complex 

shape, conductive materials. Removal mechanism of the material in EDM 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. In result of the impact of the thermal and chemical processes form electrcial discharges a surface 

layer of material changed properties [1-3]. The quality of surface after EDM process does not always meet the 

expectations [4,5]. Additional technological operations are used to change the surface integrity. One of the 

most applicable are electro discharge alloying [6], electrochemical machining [7] use of powders in dielectric 

[8], laser surface modification [9], applying coatings [10,11] or use hybrid machining [13-15] or nonconventional 

finishing [16,17]. However, the use of additional technological operations significantly increases production 

costs. Therefore, this work analyses the impact of the following parameters of EDM discharge current, pulse 

time pulse interval was conducted. Furthermore, the developed regression models of EDM will allow the 

selection of the most favourable processing conditions, allow to reduce the use of additive treatments to the 

minimum necessary. 

2. MATERIALS AND METHODS 

Experimental studies were carried out on the EDM machine of Charmilles Form 2LC ZNC. Samples of tool 

steel 1.2713 (55 HRC) after heat treated with dimensions of 12 x 12 x 4 mm was manufactured with a graphite 

electrode. EDM fluid 108 MP-SE 60 was used as the dielectric. Tool steel 1.2713 is characterized by high 

dimensional stability and cracks resistance with dynamically changing pressures and rapid heating and cooling 
during operation. The chemical composition of the steel is presented in Table 1. The research was carried out 

according to a design of experiment three level three parameters. The use of a three-level design it possible 

to obtain mathematical models of the studied process in the form of a second-degree polynomial. 
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Table 1 Chemical composition of tool steel 1.2713  

Chemical composition (%) 

C Mn Si P S Cr Ni Mo W V Co Cu 

0.5- 
0.6 

0.5-
0.8 

0.15-
0.4 

MAX 
0.03 

MAX 
0.03 

0.5-
0.8 

1.4- 1.8 
0.15-
0.25 

MAX 
0.3 

MAX 
0.1 

MAX 
0.3 

MAX 
0.3 

The square model allows describing the extremity of the build regression function. Table 2 shows the levels 

of machining parameters carried out in the experimental design. The ranges of variables were selected on the 

basis of conducted preliminary experiments. The primary assumption was to obtain a stability discharge in all 

range of conducted experiments. 

Table 2 Design of experiment 

Symbol EDM parameters Level 1 Level 2 Level 3 

A discharge current I (A) 3 8.5 14 

B pulse time ton (μs) 10 205 400 

C time interval toff (μs) 10 80 150 

Measuring the surface topography after the EDM was carried out on a Taylor-Hobson FORM TALYSURF 

Series 2 scan profilometer. For each sample, the area 2 x 2 mm was measured. The following 3D parameter 

of surface topography was selected to characterise the surface after EDM: 

             (1) 

Surface roughness Sa the arithmetic mean of the deviations from the mean - average value of the absolute 

heights over the entire surface. 

Regression analysis was used to build empirical models of influence EDM parameters pulse current, pulse 
time and time interval on roughness Sa. In the study second-order polynomial regression model was chosen to 

fit the response function to experimental results equation: 

           (2) 

where: 

β0 is a constant 

βi, βii, βij represent the coefficients of linear, quadratic, and cross terms 

Xi corresponds to the independent variable 

For developed regression equation of surface roughness Sa, the correlation coefficient R was determined. 

Coefficient R is reflecting the variability of the investigated parameter. Adequacy of calculated R for the 

associated p-value (p = 0.05) was checked with the Fisher - Snedecor test. The significance of regression 

equation terms was also verified using the t-student test for the associated p-value (p = 0.05). 

The result of measured roughness dependent on investigated EDM parameters present in Table 3. 
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Table 3 Mesures surface topography roughness Sa with EDM parameters 

Exp. no.   

Parameters Observed values 

Discharge 
current I (A) 

Pulse time ton (μs) 
Time interval 

toff (μs) 

Roughness Sa 

(μm) 

1 3.0 13 10 1.96 

2 3.0 206 150 1.85 

3 3.0 400 80 2.38 

4 8.5 13 150 3.03 

5 8.5 206 80 5.98 

6 8.5 400 10 3.88 

7 14.0 13 80 3.41 

8 14.0 206 10 9.29 

9 14.0 400 150 11.5 

10 8.5 206 80 5.98 

11 3.0 206 80 1.9 

12 8.5 13 80 2.99 

13 14.0 206 80 10.5 

14 8.5 400 80 4.05 

15 8.5 206 10 6.22 

16 8.5 206 150 5.4 

3. RESULTS AND DISCUSSION 

3.1.  Surface texture 

The primary factor directly affecting the properties of machine parts is their surface texture. Conducted 

experimental investigations show that parameters such as surface roughness directly depend on the applied 

machining parameters. Surface topography after EDM is the result of the overlapping of craters from single 
discharges and has the isotropic structure (Figure 1).  

  
(a) (b) 

Figure 1 Surface texture of tool steel 1.2713 after EDM (a) U = 25 V, I = 3,2 A, ton = 400 µs, toff = 100 µs,  

(b) U = 25 V, I = 8,6 A, ton = 400 µs, toff = 150 µs 
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Based on results from the conducted experiment an regression model of influence discharge current I, pulse 

time ton and time interval toff on the surface roughness Sa was build. After remove the non-significant terms, 

the final regression equations for the surface roughness Sa presented in equation (3). Table 4 presents the 

regression summaries. 

           (3) 

Table 4 Regression summary 

Investigated parameters 
Calculate regression statistics 

Ratio R F/Fkr p-value Standard error of estimate 

Sa 0.95 15.22 0.00001 1.1154 

The correlation coefficients R have value 0.95 which indicates that that adopted model explain the variation of 
surface roughness Sa up to the 95 %. The high value of F/Fkr indicates that building model is adequate. 
Figure 2 shows the estimated response surface for the roughness parameters Sa in relative to the discharge 
current I and pulse time ton. 

 

Figure 2 Estimated response surface for the arithmetic mean of the deviations from the mean Sa 

Surface roughness Sa (Figure 2) is mainly dependent on the discharge current I. The increased current and 

pulse time cause an increase in the amount of eroded material in a single discharge. However, these relations 

are not directly proportional. At low currents (about 3 A) increasing the pulse time (and therefore energy) does 
not lead to a significant increase in the Sa parameter. With the same current and increasing the pulse time, 

change only the diameter of craters which causing that the value of Sa not changed. With the increasing pulse 

time and current, the diameter and the depth of the craters increase. Heats generated in the discharge are 

delivered to the workpiece and cause melting and evaporation more volume of material. 

3.2. Metallographic structure 

As a result of rapid local thermal processes during electrical discharge machining, phase changes occur in the 

surface layer of the workpiece. The analysis of images of the metallographic structure of tool steel 1.2713 

showed the occurrence of three characteristic sublayers for the whole range of machining parameters 
investigated (Figure 3). 

on
2

on
2 t I  0,002+t 3 0.0000 -I  0.01+2.18 =Sa



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1256 

  
(a) (b) 

Figure 3 Metallographic structure of the surface after EMD corresponding to: (a) U = 25 V, I = 3.2 A, 

 ton = 200 µs, toff = 80 µs, (b) U = 25 V, I = 14.3 A, ton = 400 µs, toff = 80 µs 

An external molten layer (commonly referred to as a white layer), is formed by melting and rapidly solidifying 

a thin layer of metal not removed from the surface of the crater during an electric discharge. Haet effet zone, 

which is located directly under the melted layer (visible as a light structure) is characterised by an increased 

hardness about the core material. The last observed layer is a tempered layer which is visible as a dark streak 

immediately below the heat affected zone 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. Microcracks are an undesirable effect, resulting in reduced fatigue 

resistance and corrosion resistance. In many cases, micro-cracks propagate to the end of the white layer 
(Figure 3). In rare cases, a propagation crack has been observed penetrating into the core of the material. 

Micro-cracks can be observed directly on the machining surface. 

4. CONCLUSIONS  

Experimental studies and their analysis show that the main factors influencing the surface roughness Sa after 

EDM is the discharge energy. The increase in current and pulse time increases the diameter and power of the 

discharge channel. It is leading to the generation of the roughness of much greater height and the distance 
between the individual vertices. The developed model of surface roughness Sa is considered reliable 

representatives of the experimental results with prediction errors less than ± 5 %. It can be used in the 

technology of manufacturing parts of tool steel 1.2173 for achieved desired surface roughness. 

As a result of rapid local thermal processes during electrical discharge machining, in surface layers of tool 

steel 1.2173 phase changes occur. In the surface layer of the manufacturing, workpiece micro-cracks have 

been observed. Micro-cracks an undesirable effect, resulting in reduced fatigue resistance and corrosion 

resistance. 
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Abstract  

In the presented paper the subject related to the heat treatment (HT) of hot-dip zinc coating was initiated. 

Authors assumed that in the future widely understood optimization of coating HT will results in both mechanical 

as well as functional properties improvement. Investigations were focused on the hot-dip zinc coating 

deposited at industrial conditions (acc. PN-EN ISO 10684) on the Fe-C alloys surface (steel and cast iron). In 

the paper beside basic information: microhardness measurements, optical microscopic observation also 

examples of EDS after HT are enclosed. It was stated that although the applied HT results in coating hardness 

increase, the too high temperature level may cause coating cracking and delamination. As the processing 

temperature increases, the coating structure changes - the iron content in individual Zn phases increases. Zinc 

coating deposited on cast iron is more inhomogeneous. 

Keywords: Hot-dip zinc coating, heat treatment, surface quality  

1. INTRODUCTION 

The global production of zinc was over 10 million tons in 2008, 7 years later it increased by additional 2 million 

tons. The mining potential of this resource is 430 million tons and is growing all the time. Over half of the 

world's zinc resources are used to protect steel against corrosion in form of galvanizing [1]. Part of the zinc is 

used for hot-dip zinc galvanizing, which consists in keeping the pre-finished products in a zinc bath (the 
temperature of a bath is 455 - 480 ºC; time of the immersion is mainly a few minutes [2,3]). The product of 

galvanizing process is a coating deposited on a metal product with a thickness adjusted to the thickness of the 

coated parts [4]. The zinc coating structure consists of intermetallic Fe-Zn compound layers, which have been 

identified as gamma (Г, Г1), delta (δ), zeta (ζ) and eta (η) outer layer highly rich in Zn. The iron content in 
individual phases is shown in Table 1 [5,6]. 

Table 1 The content of iron in the intermetallic phases of the hot-dip zinc coating [5, 6] 

phase; formula wt. % (Fe) 

Г; Fe3Zn10, FeZn3, Fe4Zn9 20.40 - 27.52 

Г1; Fe5Zn21, FeZn4, Fe11Zn40 16.90 - 19.02 

δ; FeZn10, FeZn7 7.87 - 10.87 

ζ; FeZn13 6.17 

η; Zn(Fe) 0.03 - 0.04 

Covering Fe-C alloys with a zinc coating is justified both due to the fact of obtaining a high corrosion resistance, 

as well as consider economic aspects (relatively low cost, high efficiency, simplicity and reliability). It is one of 

the oldest and most common methods of corrosion protection of steel or cast iron elements. From the 
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technological point of view, the galvanizing principles have been kept unchanged, however, due to the 

emerging new applications (especially in the automotive and construction industries) modern galvanizing is a 

dynamically growing technology [2,7]. In addition to its advantages, the zinc coating has also disadvantages, 

including a relatively low hardness of the outer layer - the hardness of the η phase is about 50 HV [8,9]. The 

possibilities of increasing the hardness of the outer layer are becoming the object of further research. Seeking 

for new, simple and economical ways that do not require the use of advanced technology or expensive alloy 

additives. The HT of zinc coating is promising direction to improve its hardness. There are not many 

publications regarding this subject. In the publication of Szabadi László and co. [10], where the abrasive wear 

of the zinc coating on S235JRG2 steel was discussed, also the results of the HT of zinc coated elements are 

presented. The base sample zinc coating (without HT) hardness measured by Vickers method was equal to 

47.1 HV in average. HT resulted in an increase of the zinc coating hardness up to 106.6 HV. In the publication 

is no detailed data on the values of the HT process parameters. Azadeh and co. [11] investigated the effects 

of HT on the coating microstructure and formability of hot dip galvanized steel DC01. Samples were heat 

treated at a temperature range of 500 - 540 °C for 10 - 180 s. After the HT, the samples were cooled in the 

water. The presented results (SEM, EDS, XRD, FLD diagrams) have shown that the proposed temperatures 

and treatment times are resulting in changes of the coating. It has been found that the use of higher 

temperatures in combination with shorter processing times improves the coating formability behavior. Whereas 

the publication of Fang and co. [12] shows the influence of temperature on the morphology changes of the 

zinc coating after the "hot forming" process. The treatment was carried out to a temperature of 910 ºC for 5 

minutes. 

1.1. The purpose of research 

The aim of the conducted research is to supplement and systematize data concerning the influence of HT on 

the properties of the hot-dip zinc coating. The publication assumes that the proposed treatment will increase 

the hardness of the zinc coating without significant deterioration of its other properties, essential for industrial 

applications (such as corrosion resistance). The analysis of preliminary test results will be used to determine 

the range of changes of HT parameters in basic research (optimization), such as the temperature or heating 

time of galvanized steel and cast iron elements. The parameter values will be optimized at the end of the 

experiment.  

2. EXPERIMENTAL  

2.1. Experimental methods 

The assessment of HT influence on the zinc coating properties was determined based on the results of 

microscopic observations (optical microscope Axiovert 100A), microhardness measurement on the cross-

section of the coating (Mitutoyo Micro-Vickers HM-210A) and EDS analysis (scanning electron microscope 

EVO 25 MA Zeiss with the EDS attachment). 

The microhardness measurements were conducted to verify the HT influence on the properties of the zinc 

coating. In turn, the aim of microscopic research was to provide information on the condition of the coating 

after HT. The EDS analysis enabled identification of individual Zn-Fe phases and provided information of the 

HT effect on the coating structure. 

2.2. Samples preparation 

The test samples were made of gray cast iron with flake graphite EN - GJL 250 and low-carbon steel DC01. 

For the tests steel and cast iron samples with a diameter of 25 mm and a thickness of 4 mm were prepared. 

The samples were subjected to a hot-dip galvanizing process at industrial conditions acc. PN-EN ISO 
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10684:2006 standard [13]. Technical parameters of the galvanizing process were as follows: flux treatment; 

immersion in the bath (Zn with Al, Bi, Ni additives, temperature: 460 °C, time: 1.5 minute); water cooling. 

Next samples were subjected to the controlled HT at temperatures: 390, 430, 470, 530 ºC (where the 

temperature range for the entire experiment is 200 ÷ 530 ºC). This process was carried out in the electric 

chamber furnace. The time of treatment was 7 minutes for all samples. After HT samples were taken out of 

the furnace chamber and cooled in the air to ambient temperature. The sample marking method is shown in 
Table 2. Before metallographic examinations, the thickness of the coating was measured using electronic 

PosiTector 6000 tester (method of the magnetic induction, head with the diameter Ø = 9 mm). The thickness 

of the coating was in each case included in range: 45 - 50 μm. 

Table 2 Samples designation 

MATERIAL SAMPLE NUMBER HT TEMPERATURE, (ºC) 

steel 1.0 base sample (without HT) 

1.1 T1 = 390 

1.2 T2 = 430 

1.3 T3 = 470 

1.4 T4 = 530 

cast iron 2.0 base sample (without HT) 

2.1 T1 = 390 

2.2 T2 = 430 

2.3 T3 = 470 

2.4 T4 = 530 

3. ANALYSIS OF RESULTS 

3.1. Microhardness results 

The microhardness measurements of the coatings were carried out using the Vickers HV0.02 method, 
dedicated for thin coatings. Figure 1 presents the data aquired during measurements on steel samples. 

Figure 1 Average results of microhardness measurements for zinc coatings deposited on steel - Vickers 
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Changes in microhardness values are observed for each of the applied processing temperatures over the 

entire cross section of the coating, i.e. in the area from the outer surface of the coating to approx. 50 μm depth. 

For the base sample (1.0) measured values of the hardness were in line of the data given in literature and 

reached the value 50 HV0.02 ± 4.3. In the case of heat treated samples (1.1, 1.2, 1.3, 1.4), the hardness of 

the surface layers increases with the increase of the HT temperature. The results of hardness measurements 

for the outer layer of zinc coatings on steel were as follows: 169.4 HV0.02 ± 5.2 (sample 1.1), 185.4 HV0.02 ± 

8.5 (sample 1.2), 233.5 HV0.02 ± 11.5 (sample 1.3) and 278.9 HV0.02 ± 12.1 (sample 1.4). The microhardness 

value level determined in the base material (steel, cast iron) is similar for all temperatures. The microhardness 

results at the cross-section of coatings applied to cast iron are similar steel. 

3.2. Results of EDS analysis 

The EDS analysis was carried out at the cross-section of coatings at 3000x magnification. Figures 2, 3 show 

a microstructure with analyse points and distribution of zinc content in coatings applied to steel. The charts 

were made on the basis of the first 7 out of 10 points from the EDS point analyse (found in the coating). The 
theoretical approximate ranges of individual Zn sublayers were marked in Figures 2b and 3b by vertical 

dashed lines, assuming that the complement to 100 % is iron. These ranges correspond theoretically to the 

intermetallic phases (Г, Г1, δ, ζ),  

a)      b) 

Figure 3 Microstructure observed at the cross section of hot-dip zinc coating on steel (sample 1.4) with EDS 

analyse points (a), zinc content distribution at the cross section (b) 

HT caused the changes in the structure of the coatings - as the HT temperature increases, the zinc content 
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Figure 2 Microstructure observed at the cross section of hot-dip zinc coating on steel (sample 1.1) with EDS 

analyse points (a), zinc content distribution at the cross section (b) 
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to the following phases: Г/Г1 (<89.13 %), δ (89.13-92.13 %) and ζ (>92.13 %) were observed. For coatings 

subjected to HT at higher temperatures (T2, T3, T4), only characteristic ranges for the gamma and delta phases 

were observed. In the zinc coating applied to cast iron samples the ranges characteristic for Г, Г1 and δ were 

observed, with a similar distribution of phases at the cross-section of the coatings to this one observed on 

steel. In none of the heat-treated coatings the Zn content characteristic for η (99.96 - 99.97 %) were observed. 

This is probably due to the increase in the diffusion range of iron to the subsequent outer layers, which is 

activated by the HT. 

3.3. Microscopic observations results 

For examination of the cross-section samples were etched with 4 % HNO3 solution. Observations of the surface 
were carried out at magnifications: 100 ÷ 500x. Figure 4 presents an example of coating microstructure 

deposited on steel (1.4) and cast iron (2.4). During microscopic analysis, the coating thickness was verified at 

a magnification of 500x. 

1.4 

 

2.4 

 

Figure 4 Microstructure observed at the samples cross-section (HT at temperature T4) 

The zinc coating after HT shows considerable variation. The coating on the steel is more uniform, while on the 

cast iron shows significant larger changes in thickness, which increases especially in the places of graphite 

penetration. Both in the case of zinc coatings on steel and on the cast iron, the occurrence of discontinuities - 

cracks occurring in most cases spread from the external surface of the coating perpendicular to the base 

surface was observed in the outer layer. For steel, the observed discontinuities - cracks sometimes cover the 

entire thickness of the coating, and for cast iron, it happens that they combine with graphite precipitations 

derived from a metal matrix. 

In the case of coatings on steel samples, the outer surface is more uniform than in the case of coatings on 

cast iron. The thickness of the coating treated in T4 measured under the microscope is in the range: 44.2 ÷ 

46.0 μm (steel samples) and 34.9 ÷ 56.0 μm (cast iron samples). On cast iron samples, the zinc layer is non-

uniform. This is due to the presence of graphite, and on the other hand to the influence of the HT.  

4. CONCLUSIONS 

• The achieved microhardness results confirm that applied HT essentially changes the hardness of zinc 
coating deposited on Fe-C alloys surface. With increasing the HT temperature also the hardness of the 

coating increases.  

• On the basis of EDS analysis the proper zinc coating structure identification is possible. As the 

temperature of the HT increases, the content of Zn in the coating decreases toward outside the coating. 

In the structure mainly the characteristic ranges of Zn content for gamma phases were observed. Only 

in the coating without HT the range of zinc content for eta (η) surface layer was observed. The applied 

HT intensify the Fe diffusion into the subsequent outer layers, which results in higher level of coatings 

hardness. 

• HT results also in coating discontinuities revealed during microscopic observations. In the case of steel 

samples, the treatment at the highest temperature from the adopted range caused only cracks in the 

coating, while in the coating on the cast iron, also delamination was observed. To verify if these 
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discontinuities may reduce corrosion resistance, it is planned to carry out appropriated tests in a salt 

chamber.  

• The presented investigations are introduction to the main researches, where a wider range of heating 

time (t = 1 ÷ 10 min.) and temperatures (T = 200 ÷ 530 °C) will be applied. Ultimately, in the experiment, 

it is planned to determine the optimal processing parameters, and thus to obtain a higher hardness of 

the zinc coting applied to fasteners without significantly reducing the corrosion resistance or increasing 

the brittleness of the coating. This will allow a more universal application of the results of the tests. 

Determining the optimal conditions of HT of the zinc coating (time, temperature) from the point of view 

of its hardness, resistance to abrasion, corrosion resistance, etc. may contribute to increase the 

durability and extension of applications for hot-dip galvanizing parts. 
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Abstract 

The induction hardening is a well-developed technology in many industrial applications, e.g. automotive, tool 

manufacturing, casting technology, sheet metal forming etc. The induction hardening is generally employed 

for a surface hardening because the current induced during this process is concentrated directly under the 

surface of the workpiece due to the “skin effect”. Recently, more and more companies are opting for induction-

based hardening solutions because it is ideal for integrating into production lines. This technology is extremely 

energy-efficient, particularly when compared to wasteful methods such as furnace carburizing. Additionally, 

transportation times and costs are reduced in this method. The most popular application of induction heat 

treatment is hardening of steels and cast irons. Hardening of components made from steels may be done for 

the purpose of obtaining certain properties including - but not limited to - strength, fatigue and wear resistance. 

The microstructure of steel prior to heat treatment (also referred to as the initial structure or structure of the 

parent material) also has a significant effect on results of the heat treatment and required process parameters. 

This paper presents a methodology of revealing of a microstructure after the induction hardening and results 

of a microstructure observation of two selected steels treated with the induction hardening using microscopy 

techniques. These microstructures examinations provide information about a prediction of required properties. 

Keywords: Induction hardening, microstructure, steel, C45, St52-3 

1. INTRODUCTION 

An intelligent manufacturing technology is an essential asset in times of growing competition among the 

manufacturers of various components. Induction hardening is used to strengthen a specific area of a part: 

single piece, surface hardening of selective areas. Induction hardening is a process often used for the surface 

hardening of steel and other alloy components. The parts to be heat treated are placed inside a copper coil 

and then heated above their transformation temperature by applying an alternating current to the coil. The 

alternating current in the coil induces an alternating magnetic field within the work piece which causes the 

outer surface of the part to heat to a temperature above the transformation range. Induction hardening is a 

process used for the surface hardening of steel and other alloy components [1]. In the context of induction 

hardening, the expression short-cycle austenitization is also used, since by comparison with furnace processes 

the austenitizing temperature is reached within just a few seconds. The hardening temperatures are generally 

approx. 50 to 150 °C higher than with conventional furnace hardening. The process sequence during hardening 

consists essentially of heating, holding, quenching and possibly a subsequent tempering process, and is thus 

significantly shorter than the process sequence for conventional case hardening. The process is monitored by 

an appropriate control system so that the hardening results are reliably reproduced. The microstructure 

properties can be set to the required depth in carbon-based materials by varying the frequency employed, the 

energy input, the quenching method and the constant coupling distance between workpiece and inductor [2]. 
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2. MATERIAL FOR THE RESEARCH 

Material for the research were a pipe and a bar made from two kinds of steels after induction hardening trials 

carried out according to test parameters. The grades of those steels are presented according to the standard 

DIN. First of them is the non-alloy quality structural steel C45 (1.0503 is the numeric designation). The nominal 

composition (wt.%) of C45 is [3]: 0.43 - 0.50 % C, 0.5 - 0.8 % Mn, max 0.4 % Si, max 0.045 % P, max  

0.045 % S, max 0.4 % Cr, max 0.1 % Mo, max 0.4 % Ni, and Cr + Ni + Mo = max 0.63 %. It has a low 

hardenability in water or oil; fit for surface hardening that gives this steel grade a high hardness of the hardened 

shell. The second investigated material is the non-alloy quality structural steel St52-3 (1.0570 is the numeric 

designation). The nominal composition (wt.%) of St52-3 is [3]: max 0.22 % C, max 1.6 % Mn, max 0.55 % Si, 

max 0.035 % P, max 0.035 % S, max 0.3 % Cr, max 0.08 % Mo, max 0.3 % Ni, min 0.02 % Al, and Cr + Ni + 

Mo < 0.48 %.  

Classical non-alloy structural steels are a cost-effective solution for many simple applications. Main application 

of C45 medium carbon steel grade is for mechanical engineering and automotive components. Typical 

applications include tools, shafts, nuts, bolts, connecting rods, screws, rollers. According to some producers 

C45 offers a reasonable tensile strength [4] and according to some others opinion - excellent tensile properties 

and good machinability [5]. This grade can be flame or induction hardened to produce a good surface hardness 

with moderate wear resistance. C45 is widely used for components that require better properties than mild 

steel but does not justify the costs of an alloy steel [4]. 

ST52-3 steels is a low alloy, high strength structural steel which can be readily welded to other weldable steel. 

With its low carbon equivalent, ST52-3 steel possesses good cold-forming properties. ST52-3 steel plate is 

supplied in normalized or control-rolled condition. ST52-3 steel has many applications. Generally ST52-3 

steels is used for machinery parts, mobile equipment, crane, boom, chassis, buildings, bridges and most 

structural activities [6]. As stated by [7] this grade is only used for unhardened components. 

3. METHODOLOGY OF RESEARCH 

The cross-sections were cut off from the investigated pipe (formed from steel St52-3) and the bar (made from 

steel C45), and then included using compression mounting. The mounting process should not cause any 

damage to the microstructure of the specimen. Pressure and heat are the most likely sources of damage during 

the mounting process. The included cross-sections were prepared according to a scheme of sample 

preparation established for steels using concept of planar grinding and polishing, in which several specimens 

are placed in a holder with the side to be prepared facing down [8]. Time of rotation with application of abrasive 

materials with various grit sizes in subsequent steps was a result of the gained earlier experience [9]. Final 

polishing is intended to produce a scratch-free surface for metallographic analysis. Proven etchant was 

selected from authoritative sources such as [10,11] to reveal the microstructures of the investigated materials 

after induction hardening and to be able to characterize the microstructures by light microscopy (LM) and 

scanning electron microscopy (SEM). The surfaces of the studied specimens were etched with nital solution 

to enhance the contrast between the phases occurring in the steels microstructures. Nital is a mixture of nitric 

acid (HNO3) and alcohol (C2H5OH) commonly used for etching steels. It is especially suitable for revealing the 

microstructure of carbon steels. Nitric acid is a strong oxidizer, and alcohol is a fuel. Mixing them together can 

be potentially dangerous if you don't have the proper knowledge or equipment to do so. Conditions and 

parameters of etching process are essential to obtain a good quality true microstructure of a steel. A well 

known tip for Nital application in the case of alloy steels is 'etch for a few seconds to minutes'. The performed 

experiments with etching of the investigated materials showed that too long etching led to over etching effect 
- see Figure 1a showing the studied over etched by nital steel ST52-3 close to specimen surface. 5 % Nital is 

a common metallographic etchant for etching mild steels, low alloy carbon steels, cast irons and some tool 

steels. 2 % and 3 % Nital solutions for metallographic applications are also possible. The authors opinion 

about possible results of applications is the following: in the situation when the over etched (darker) area will 
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appear after 10 seconds application with 5 % Nital then one can prepare the specimen once again and use 5 

% Nital for 5 seconds or change the solution to 3 % Nital and try to etch a bit longer. When the preparation is 

complete and maximum detail revealed, a microscope may be used to make visual observations and 

photomicrographs. Microscope selection and configuration is an important step in the analysis of prepared 

samples. The type of information that is of interest and the size of the specimen being viewed will dictate the 

type of microscope that will be most suitable for the application. The specimens’ surfaces were analyzed 

visually. Microstructural observations of the examined steels were performed by means of Olympus GX71 light 

microscope and FE SEM Hitachi 4200 scanning electron microscope equipped with Noran X-ray spectrometer.   

4. EXPERIMENTAL RESULTS AND DISCUSSION 

Metallographic observation of polished and etched metallographic specimens by means of the light microscope 
enabled to select an appropriate way and parameters of etching (Figure 1).  

 

  

Figure 1 Steel St52-3 initial microstructure in the core area and influenced by induction hardening close to 

specimen surface, over etched with nital (too long time of etching) - upper image and revealed after 

correctly applied time and percent concentration of Nital solution - bottom left image; steel C45 

microstructure correctly revealed - bottom right image. LM images 

Two kinds of steels are the materials for the research and also two kinds of components - the pipe and the 

bar. The application of scanning electron microscope facilitated observations of the investigated steels using 

greater magnification. Initial microstructures of C45 and St52-3 steels occurring closer to core area without 
direct induction hardening influence is presented in Figure 2 with a lower magnification (LM image - upper left 

and upper right image) and a greater magnification (SEM image - bottom left and bottom right image).  

In the case of the bar from C45 steel well known ferrite-pearlite microstructure is visible (Figure 2 upper left 

and bottom left images). Ferrite (white) and pearlite (dark) are noticeable in LM image (upper left) of C45 steel. 
Regarding the pipe from St52-3 (Figure 2 upper right and bottom right images) a characteristic layered 

arrangement of phases is conspicuous what could be related to story of production of those component. 

Additionally, in the case of the pipe the shell thickness is a key factor which is approximately 3 mm unlike the 

studied bar with 25 mm thickness.   
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Figure 2 Microstructures of C45 (upper left and bottom left image) and St52-3 steels  

(upper right and bottom right image) without direct induction hardening influence 

For comparison, Figure 3 is dedicated to the microstructures of the C45 and St52-3 steels being a result of 

induction hardening influence. A martensite is a required microstructure in the surface layer of the both 

materials. A martensite is a very hard and strong phase with needle-like structure of iron and carbon. It is only 

formed by very rapid cooling from the austenitic structure.   

Looking at the photomicrographs (Figure 3) in the case of both steels can be seen in the surface layer areas 

with needle-like microstructure of martensite, but you can also find a mixture of tempered bainite and 

martensite. Additionally, the depth of hardening has an effect on the properties and potential possibilities for 

application of the studied components. The applied conditions and parameters of the induction hardening have 

resulted in different depth of hardening in the components from C45 and St52-3 steels. In the case of first of 

them the depth of hardening was approximately 0.5 - 0.6 mm. In the second case - pipe was not hardened 
from the outer edge to the inner edge. Here the depth of hardening was approximately 2.0 mm (Figure 1). 

5. CONCLUSION 

The aims of the work were to examine the influence of selection of etching conditions on the microstructures 

of the studied steels and to investigate the influence of induction hardening on the microstructures of the 

investigated components made from those steels. The aim was achieved. The studies have shown that even 

application of a well-known Nital etchant requires appropriate conditions and parameters of etching to reveal 

a real microstructure of the observed steels. 

The performed researches enabled to confirm a presence of induction hardening influence on the 

microstructures of C45 and St52-3 steels. The applied conditions and parameters of induction hardening affect 

the depth of hardening and contribute to appearance of a required martensite structure. It was found that the 

applied parameters of induction hardening should be improved to obtain only martensitic structure in the 

surface layer.   
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Figure 3 Photomicrographs of microstructures of C45 (upper left and bottom left image) and St52-3 

steels (upper right and bottom right image) influenced by induction hardening in the surface layer 

Similar approaches were used in previous investigations [12-18]. The multivariate and non-parametric 

analytical techniques, worth to use, were presented in action in the following papers [19-24], so the specific 

image analysis methods [25-30] with high reliability and objectivity. 
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Abstract 

From the moment of immersion, the reaction between molten zinc and solid iron starts forming intermetallic 

phases. This diffusion controlled process is responsible for the final phase composition of zinc coating. Several 

samples were created by hot-dipping at various immersion times at T = 723 K (450 °C). Dipping times were 

divided into two groups. Short term immersion for studying early stages of phase nucleation and growth and 

long term immersion for observing later phase change and quasi-equilibrium states. For characterization of 

phases present an EDX was used to determine iron concentration across the alloy layer. After metallographic 

preparation each phase layer thickness was carefully measured all along with the total thickness of the alloy 

layer. Results of these measurements were compared with the latest findings. Keeping the same conditions 

of immersion and only changing the duration allowed us to estimate nucleation and growth kinetics of the layer 

forming process.  

Keywords: Zinc, iron, growth kinetics, intermetallic phases  

1. INTRODUCTION  

The galvanizing process is widely used for the improvement of corrosion resistance of steel products in many 

industries including automotive, construction and electrical appliances. It is usually preformed at a temperature 

of approximately 450 °C. It provides two types of protection - barrier protection, which protects the surface 

from corrosive environment and galvanic protection. During a cathodic reaction the more active zinc corrodes 

preferentially than steel preventing it from anodic corrosion [1,2]. After solidification the coating is composed 

of different layers of Fe-Zn intermetallic phases. They vary in composition, morphology and hardness. No 

inhibition layer is formed during the process resulting in a uniform nucleation throughout the surface [3]. 
Already 5 s after immersion the ζ (zeta) phase with Fe content ranging from 5 - 6.2 wt.% and having columnar 

morphology forms a continuous layer. Simultaneously within first seconds the δ (delta) phase layer is formed. 

Although this phase has two variations δk and δp they both have columnar structure. The closest layer to the 

steel surface is the Γ (gamma) phase with Fe content of 23.5 - 28 wt.%. The incubation time for Γ phase is 30 

s. This phase has a planar morphology and two modifications as well differing in crystal structure and iron 
content. Its modification, the Γ1 phase has an Fe content of 17 - 19.5 wt.%. The outer most layer which can be 

observed is a substitutional solid solution of Fe in Zn, this phase is referred to as an η (eta) phase. All layers 

are formed in the first 2 minutes after immersion of pure Fe into Zn melt. The last process affecting growth of 

intermediate phases appears after 30 minutes. [4,5] The growth kinetics of layers can be expressed by a 

power-law equation [6,7,8]: 

¹ � ¤½�       (1) 
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where x is the layer thickness, K is the growth rate constant, t is the reaction time and n is the time exponent. 

In case that n = 1 the graph is a straight line and at n = 0.5 is an ideal parabola [4]. Many studies were done 

for long immersion which does not precisely match real hot-dipping process. The purpose of this paper is to 

estimate the growth kinetics of layers in the coating. This will serve as basis for further research in the field of 

thermodynamic modelling.  

2. EXPERIMENTAL PROCEDURES 

The chemical composition of substrate has a significant impact on the resulting coating phase thickness and 

structure. An iron wire manufactured by drawing with high purity of 99.99 % Fe was used for hot-dip galvanizing 

in molten Zn with the same purity. Surface roughness influences nucleation at the interface. To remove oxides 

and smoothen the surface a fine sand paper (2500, 4000) was used. Before immersion into a molten zinc a 

dry flux containing 54 % ZnCl2 and 46 % NH4Cl was applied to the surface of the wire. Bath temperature was 

set to 450 °C and the melt was cleansed using Zincogen flux. A series of short immersion times from 5 to 120 

s were chosen for studying growth kinetics. Long term immersion was chosen for studying a quasi-equilibrium 

state after 1200, 3600 and 9000 s. After withdrawal rapid cooling into water was applied to all samples. Only 

sample after 9000 s was left to spontaneously solidify directly in the crucible and cool to room temperature. 

The samples were cross-sectioned, grinded (600, 1200, 2500, 4000), polished by an alcohol based Struers 

diamond slurry (3 µm, 1 µm) and etched in Nital 0.5 % for 5 - 10 s. Observations of layer thickness were 

performed using Zeiss optical microscope. Chemical composition was measured using JEOL JSM 7600F 

scanning electron microscope equipped with Oxford Instruments EDX. The thickness of individual layers was 

measured with ImageJ software.  

3. RESULTS  

Figure 1 shows the cross-section of the coating layer dipped for 5, 20 and 60 s, respectively. In the first stages 

two layers formed at the Fe surface. Chemical composition of the cross-section (see Figure 2) was used to 

determine the phases present in the coating. The first phases to nucleate are the δ and ζ phase. After 30 s a 

new discontinuous layer is formed at the surface interface. It is clearly visible after 60 s as seen at the 
micrograph in Figure 1. Because of its small thickness it was difficult to measure its chemical composition by 

using EDX analysis. The outermost η (eta) phase layer was not subjected to measurement because it does 

not contribute to the final properties. 

Figure 1 Interface microstructure after (a) 5 s (b) 20 s (c) 60 s. Composition contrast SEM images 

The EDX analysis confirmed the expected phases present in the coating which is exemplyfied in Figure 2. 

The average composition of the ζ and δ layer after 5 s was 92.5 and 85.1 wt.% respecitively. After 60 s these 

layers contained 93.6 and 87.9 wt.% Zn for ζ and δ phase respectively. A new phase appeared with an averge 

composition of 73.91 wt.% Zn which matches the Γ phase. 

   (a) (b) (c) 
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Figure 2 Local chemical analysis of the layer cross-section using SEM EDX  

(a) 5 s (b) 60 s. The y-axis represents the wt.% Zn 

Kainuma [7] claims that the δ phase has two modifications that become appear in 60 < t < 300 s time range. 

Pokorny [5] published that this separation occurs at dwell time 8 - 10 min. Our current experiments show the 
first separated δp phase appeared in the microstructure after 1200 s and continued to grow at the expense of 

the ζ phase. At 9000 s the ζ phase was completely transformed into δp phase. The thickness of the δk continued 

to grow independently in a linear manner as can be seen in Figure 3. 

Figure 3 Interface microstructure after (a) 1200 s (b) 3600 s (c) 9000 s 

4. DISCUSSION 

 

Figure 4 Individual layer thickness versus immersion time. Short term immersion (left) and term immersion 

(right) 

Lines in Figure 4 represent a mathematical approximation of the growth rate. They represent the total layer 

thickness of the individual phase. Error bars approximately show the local change of layer thickness. Each 

point was the average value from a minimum of 10 measurements. From this dependency it is possible to 
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estimate the growh rate constant in the equation (1). It is evident that the ζ phase dominates during short 

immersion time which is in full agreement with published results [9]. 

The growth kinetics follow the Arrhenius type equation, written as:  

¹ � ¤½� � �½��¹¸ 9�V
;0:       (2) 

Generally, the equation fits for¹�0, 0� � 0. There always exists an initial time t0, incubation time when the 

nucleation begins. Due to a critical nucleation size there also exists an initial thickness x0. The incubation time 

was calculated from the point of intersection on the x-axis in Figure 4. Thus equation (2) can be rewritten as: 

¹ � ¹f � ¤�½ � ½f�� � ��½ � ½f���¹¸ 9�V
;0:       (3) 

¹ � ¹f and ½ � ½f represent the thickness and time increment, respectively. For simplification the initial 

thickness at t0 was neglected as it is unobservable by common techniques. To get a straight line equation, Eq. 

3 can be rewritten to: 

log�¹ � ¹f� � log ¤ +   log�t � ½f�       (4) 

By applying measured values to equation (4) the n time exponent is obtained from the slope of linear fit of 

log�½ � ½f� vs. log�¹ � ¹f�. Onishi reported, that if the growth of phase is governed by diffusion the exponent 

should have the value of 0.5. Specifically an exponent of n = 1, n = 0.5 and n = 0.33 determines the growth 

kinetics is controlled by chemical reaction, volume diffusion or grian boundary diffusion, respectively [6,10]. 

 

Figure 5 The logarithm of thickness increment vs logarithm of time increment for (a) ζ phase (b) δ phase (c) 

Γ phase 

The growth kinetics were the case study of many authors. Mackowiak [10] presented a summary from various 

papers. Current results for short immersion times t < 120 s show the preservation of kinetics comparable with 
previously mentioned works. Table 1 shows the calculated values of the time exponent determining the type 

of kinetics. 

Table 1 Time exponent for individual layers  

Layer Γ (gamma) δ (delta) ζ (zeta) 

nc ( - ) 0.42 0.38 0.44 

For the ζ (zeta) and the Γ (gamma) phases the exponent is close to 0.5 which identifies the diffusion process 

as volume diffusion. This satisfies the diffusion of Fe atoms through δ (delta) phase in the first stage and 

though δ (delta) and ζ (zeta) layers in later stage of growth for the ζ (zeta) phase. Likewise the diffusion of Zn 

atoms for the ζ (zeta) phase. The growth kinetics of these layers is approximately parabolic. For the short time 
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immersion the δ (delta) phase shows slow growth rate which is reflected on the time exponent. As the diffusion 

and thus layer thickness is dependent on many factors it is difficult to provide unified results. 

5. CONCLUSION 

The interfacial reactions between solid Fe and molten Zn at 450 °C by hot-dipping were the subject of 

investigation in this study. Main results are as follows: 

1) In the early stages the ζ phase showed the most significant growth rate as it was the one in contact with 

the melt. The growth rate gradually slowed down with immersion time. 

2) Long term immersion showed the separation of δ phase to two modifications - palisade and columnar. 

δp growth increased in time and grew at the expense of the ζ phase until it was completely transformed. 

δk growth remained to continue linearly.  

3) Using Arrhenius equation, the time exponent for individual layers was calculated providing information 

about diffusion during coating formation. Compared with the findings of previous authors the time 

exponent for long term immersion is comparable with our short term experiments. 
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Abstract  

To date, a large number of different alloys based on CoCr, Ti, stainless steel, etc. are used in medicine. 

However, metal implants are bioinert, despite the development of biodegradable magnesium-based alloys. In 

addition, because of their mechanical properties, only few numbers of alloys have come close to mechanical 

properties of the cortical part of human bone. These superelastic alloys are usually based on the Ti-Nb-Ta, Ti-

Nb-Ta-Zr systems which have a high cost. It is advisable to apply bioactive coatings that would have the best 

resemblance to human bone in terms of chemical composition, physical properties and biological parameters. 

In this paper, the physical and chemical properties of hydroxyapatite (HAP) coatings with the addition of ZnO, 

obtained by electrochemical deposition in an aqueous solution on a printed porous sample of 316L steel, were 

studied. 

The HAP study was carried out by the methods of analysis as: scanning electron microscopy with the energy 

dispersive microanalysis system, transmission electron microscopy with EDAX analysis system. 

The laser melting of powdered 316L steel was carried out using the Mlab cusing R machine. The SLM process 

parameters were: laser power 90 W, a frequency 50 kHz, a scanning speed 500 mm/s, a spot size 100 μm, 

the oxygen content was less than 0.1 %. 

A new type of materials for use in medicine was obtained and investigated. The ratio of Ca/P of the obtained 

coating corresponds to generally the accepted parameters. The structure of HA is characterized by a high 

degree of crystallinity.  

Keywords: 316L printing, hydroxyapatite coatings, Zn doped hydroxyapatite, electrochemical deposition  

         of hydroxyapatite, ceramic coatings on printed  

1. INTRODUCTION 

Metal implants are inherently bioinert, which reduces the duration of use in the human body. One of the 

important properties of the implant is the ability to osseointegration. In addition to osseointegration, the 

necessary properties are biocompatibility, corrosion resistance. The modern direction in medical material 

science is giving new products osteoconductive and antibacterial properties [1-5]. 

Giving porosity to metal products leads to a decrease in density with little effect on mechanical properties. 

Calcium phosphate coated on metal implants provides the necessary porosity for bone ingrowth, while the 

lower metal substrate carries a load, with complete weight tolerance shortly after surgery. The main 

requirement for the development of hydroxyapatite (HA) coatings on metal implants is the production of a 

stoichiometric powder material (i.e., a Ca/P ratio of about 1.67) with preferred chemical and phase properties, 
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a close affinity for bone tissue and ease of deposition on irregular forms. [6]. High-crystalline HA coatings show 

low dissolution rates in vitro, with less resorption and more direct bone contact in vivo. Amorphous HA 

undergoes rapid dissolution in a physiological environment. Therefore, HA with a low crystallinity rapidly 

becomes weak and can contribute to inflammatory responses. Therefore, it is desirable to have a high degree 

of crystallinity in HA coatings, although the presence of a small amount of amorphous HA is allowed [7] 

The addition of zinc ions makes it possible to improve its biological characteristics, since recent studies [3] 

show its antibacterial properties. 

In this paper, we present a new type of medical products using additive technologies and coating a bio-

compatible composite material based on calcium apatite supplemented with Zn. 

2. MATERIALS AND METHODS OF ANALYSES 

The AISI 316L steel substrate was obtained by a selective laser melting process. The prototypes were plates 

12 x 10 x 2 mm in size with pores, the pores' size did not exceed ≤800μm. 

The laser melting of the powder was carried out using the Mlab cusing R machine manufactured by Concept 

Laser (Germany). The SLM process parameters were: a fiber laser power 90 W, a frequency 50 kHz, a 

scanning speed 500 mm/s, a spot size 100 μm. The process was carried out in a nitrogen atmosphere. The 

oxygen content (in accordance with the integrated sensors) at all stages was less than 0.1 %. 

The coating deposition process was carried out as follows: the substrate was attached to a copper electrode 

and dipped into a solution containing CaCl2 (99 % purity) and NaH2PO4 (99 % purity), with a molar ratio of 

Ca/P = 1.67 and concentrations of 10 mmol/L and 6 mmol/L, respectively. The solution was heated by a 

chemical reactor with a thermo-shirt. The temperature of the coolant was 90 °C, the temperature of the solution 

was 86.4 °C. The deposition time is 1 hour at pH 6.5. To maintain a uniform temperature distribution throughout 

the bulk of the stock solution, uniform mixing was used. The substrates were previously cleaned, including: 15 

minutes ultrasonic treatments in acetone, 96 % ethanol and triple washing in distilled water. The addition of 

Zn was carried out by electrochemical method, at a voltage of 5 V, the distance between the electrodes was 

12 cm. After coating deposition, the sample was annealed in a muffle furnace at 400 °C for 1 hour. 

The samples were analyzed by scanning electron microscopy (SEM) using the JSM-6390LV microscope with 

the energy dispersive microanalysis system INCA Energy Penta FET X3. The functional groups were studied 

on an IR Fourier spectrometer FTIR-801 Simex, measuring range 500 - 4000 cm-1 with a resolution of 1 cm-1. 

The phase composition was investigated by XRD (Panalytical Xpert Pro), K-Alpha - 1.54060 Cu.  

3. RESULTS AND DISCUSSION 

The microstructure of the sample surface is shown in Figure 1 at different magnifications. It is noticeable that 

the HA penetrated into the depths of metal cells and formed a complex architecture with pores ≤450 μm. At 

higher magnification, it becomes apparent that the deposited coating is highly crystalline HA, with a particle 

size of ≤10 μm. Non covered areas were not found. This indicates a well-chosen deposition regime. 

An investigation of the elemental composition using EDAX showed that Zn is present in the composition of HA 

at a concentration of 10.35 % by weight. The Ca/P ratio is 1.99, which is close to the stoichiometric HA, and 

indicates good biocompatibility. 

Table 1 chemical composition of the coating, in % by weight. 

O Al P Ca Zn Са/Р 

45.23 0.23 14.78 29.41 10.35 1.99 
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Figure1 Microstructure of printed AISI 316L sample with Zn doped HA coating 

A study of the phase composition showed that the main peaks of the X-ray picture correspond to the HA with 
a hexagonal structure (JCPDS 01-084-1998) and to the iron, main component of the AISI 316L steel, Figure 2. 

Parameters of HA cell: a- 9.4172 А, b - 9.4172 А, c - 6.8799 А. The structure of ZnO microcrystals is also 

hexagonal, cell parameters: a- 3.2420 А, b - 3.2420 А, c - 5.1760 А. 

a 

b 
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Figure 2 XRD pattern of printed sample AISI 316L with coating of HA/Zn 

Figure 3 IR spectrum of HA/Zn coating 

Thus, in the spectrum of HA/Zn, characteristic vibrations are present: vibration bands in the region of 562 and 

602 cm-1 (ν4 bending mode) belong to the O-P-O groups. The band with a peak at 1024.7 cm-1 refers to 

asymmetric stretching (ν3) P-O vibrations. The OH group is weakly expressed, which is explained by the high 
annealing temperature, Figure 3. 
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CONCLUSION 

A new type of materials for use in medicine was obtained and investigated. This work is one of the first works 

aimed to obtaining new types of orthopedic implants with an artificial trabecular structure similar to the cortical 

bone. The ratio of Ca/P of the obtained coating corresponds to generally the accepted parameters. The 

structure of HA is characterized by a high degree of crystallinity. Further in vitro and in vivo researches are 

needed. 
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Abstract 

Galvanizing is an application of a zinc coating on the steel base material by electrolytic deposition. Zn coating 

protects anodically the base material (typically unalloyed or low-alloy steel) against corrosion. In the final phase 

of the galvanic process the final finishing employing chromate coating (yellow or blue) is often used. The 

treatment causes the non-conductivity of the surface coating of the material. 

Glow Discharge Optical Emission Spectroscopy (GDOES) measures correctly, accurately and with good 

repeatability the thickness and composition of the zinc coating without the non-conductive surface treatment 

(chromate). This paper aims to verify the possibilities of the optical emission spectrometry for the analysis 

of non-conducting surfaces. Optical microscopy is taken as the reference method for the measurement of layer 

thickness, because this method is generally accepted as an accurate and correct. 

Keywords: GDOES, galvanizing, zinc coating, chromate, optical microscopy 

1. INTRODUCTION 

Surface treatment is important area of mechanical engineering. Its task is to provide corrosion protection and 

modify the external appearance [1]. Thus surface finish changes functional properties of modified basic 

materials.  

The most commonly used type of metal surface treatment is galvanizing [2]. Zinc protects the surface of the 

material mechanically and chemically as well. In a humid environment zinc creates a galvanic cell with Iron; 

therefore zinc coating provides anodic protection against corrosion of the base material. In practice, both basic 

galvanizing types are used - electrolytic and hot dip galvanizing [3].  

The thickness of the zinc coating can be accurately determined by optical microscopy. This method 

is destructive, time-consuming, and economically demanding. Therefore, for its determination glow discharge 

optical emission spectroscopy is used. Element profile obtained using GDOES is used for characterization of 

various surfaces [4], e.g. brake discs [5], organic substances [6] and carburized layers [7]. 

For non-conductive surfaces, it is not possible to use the classic GDOES, but it is necessary to use the radio-

frequency glow discharge optical emission spectroscopy (RF-GDOES) [8]. This work aims to verify the 

possibilities of GDOES for the analysis of zinc coating with the final layer - yellow or blue chromate. This 

treatment causes the non-conductivity of the surface layer of the final material. 

2. EXPERIMENTAL MATERIAL  

Steel plate with electrolytic zinc coating as a base material was used within this work. Dimensions of the plate 

were 50 x 30 x 0.5 mm. For the determination of the composition of the base material the so called "Bulk" 

analysis by Glow Discharge Optical Emission Spectroscopy (GDOES) was used. The results are listed in 
Table 1. 
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Table 1 The chemical composition of the samples determined by GDOES 

 
wt.% 

 

 

 

 

 
wt.% 

 

 
wt.% 

 

 
wt.% 

C 0.034 S 0.006 Cu 0.034 Pb <0.0001 

Mn 0.449 Cr 0.014 Ti <0.0001 V 0.014 

Si 0.011 Ni 0.047 Co <0.0001 W <0.001 

P 0.016 Mo 0.013 B 0.002 Al 0.054 

Samples were prepared by galvanizing of the surface of the substrate by zinc. Before plating, the samples 
were placed on the hanger (see Figure 1). Galvanizing is composed of several successive repetitive 

operations: chemical and electrochemical degreasing, rinsing, pickling, galvanizing, chromating and drying 
(see Figure 2). 

 

Figure 1 Location of specimens on the hanger 

 

Figure 2 The basic scheme of the galvanizing process 

The galvanic process was the same for all of the samples, the samples differed only by placing on a hanger 
(see Figure 1), the amount of other products on the hinge (the experiment was performed in normal operation) 

and the final surface treatment (see Figure 2). The zinc plating produced a surface with a matt gray color (see 

Figure 3a). Atmospheric corrosion let to formation of the zinc corrosion products, which are known as “White 

corrosion”. This prevents e. g. passivation (chromating of zinc coating). Protective layer (hydroxy compounds 

of trivalent chromium and zinc) is formed during passivation, this protective layer increases the corrosion 
resistance of the coating. The resulting passivation layer is formed as an amorphous shell. Figure 3 shows 

yellow (b), and light blue (c) chromate layer. 

Chemical
degreasing Rinsing

Electro-
chemical

degreasing
Rinsing Pickling

Rinsing Stripping Galvanizing Chromating Drying
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a b c 

   

Figure 3 Samples coated with Zn (a - pure Zn, b - Zn + yellow chromate, c - Zn + blue chromate) 

3. EXPERIMENTAL METHODS 

3.1. Glow discharge optical emission spectroscopy (GDOES) 

GDOES analysis was carried out using optical emission spectrometry with glow discharge Spectruma Analytic 

GMBH (model GDA 750 A). ‘Bulk‘ analysis revealed the average chemical composition of the base material of 

the specimens as well as the chemical composition of the zinc coating after grinding off. The analysis was 

performed under 700 V and 35 mA excitation conditions. The profile analysis (RF-GDOES-QDP), by which 

alloy layers thicknesses and their chemical composition were determined, was carried out under the excitation 

conditions of 800 V and 2 hPa.  

3.2. Optical microscopy 

Optical microscopy is a destructive method, universal for all types of coatings, except soft coatings (waxes, 

vaseline). In the present work there is optical microscopy taken as a reference method for its precision and 

accuracy. Zinc and chromate layer thickness measurements on the samples were performed on an optical 

microscope Olympus IX70 at a magnification of 200 x. the results were analyzed using Image Pro Micro G 

software. 

Samples were cut on Struers devices and were embedded by two-part sealing compound Durocit Kit (Struers) 

into forms.  

4. RESULTS AND DISCUSSION 

Examples of RF-GDOES-QDP spectra of galvanized sheet samples are shown in the following figures. The 
spectrum of sample 1A (without the chromate layer) is shown on Figure 4, sample 2A (with a yellow chromate 

layer) on Figure 5 and sample 3A (with a blue chromate layer) on Figure 6. The y-axis scales of chromium, 

manganese and carbon have been altered in the figures. This was due to their low concentration and with the 

aim to make these curves mutually recognizable. Therefore, mass concentrations of chromium and carbon 

taken from the spectra should be divided by 200 and manganese by 20. The sputtering craters after GDOES 
analyzes are shown in Figure 3. 

For example, one metallographic image of sample 3A is shown in Figure 7. 
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Figure 4 RF-GDOES spectrum of sample 1A (pure Zn coating) 

 
Figure 5 RF-GDOES spectrum of sample 2A (Zn coating + yellow chromate) 
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Figure 6 RF-GDOES spectrum of sample 3A (Zn coating + blue chromate) 

 

Figure 7 Metallographic image of sample 3A (Zn coating + blue chromate) 

The following table (Table 2) shows the results of metallographic and RF-GDOES analysis. The data were 

evaluated using the software QC-Expert using the "Compare Two Selections - Pairwise Comparison," method 

and it was demonstrated that the differences are not statistically significant. The correlation coefficient is 0.989, 

indicating a very good match of data measured by both methods. 

Table 2 Comparison of the results obtained by optical microscopy and RF-GDOES 

Sample Chromate coating 
Metallography RF-GDOES 

μm 

1A  - 10.1 9.0 

1B  - 12.3 8.5 

2A yellow 6.0 3.9 

2B yellow 3.5 4.8 

3A blue 23.2 21.0 

3B blue 32.0 28.0 
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5. CONCLUSION 

This paper aimed to verify the possibility of using RF-GDOES for the analysis of galvanized metal sheets and 

to assess the thickness of the zinc coating in dependence on the conditions of the galvanizing process. 

On the basis of the results obtained, it can be stated that the quantity of galvanized material and the location 

of the sample on the hanger in the zinc bath are the parameters with substantial influence on the thickness of 

the Zn coating. 

From the comparison of the methods used for determining the thickness of the zinc coating, it can be concluded 

that RF-GDOES is a suitable method for this purpose. Differences in zinc thickness measured using RF-

GDOES and optical microscopy are not statistically significant. The influence of chromate layer on 

measurement of the thickness of the zinc coating was not confirmed. 
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Abstract 

Due to the reduction in production costs, not only in the automotive industry, more and more sandwich-

structure parts are emerging to replace expensive, technologically complex elements such as cooling rotors in 

electrical installations. They are required to meet a complex set of attributes - resistance to abrasive wear, 

anti-corrosion requirements, and especially manufacturing costs. 

This article discusses and compares the mechanical properties of a critical part (cooling rotor) made as a 

sandwich structure of aluminum alloys and nickel-phosphorus (NiP) coatings. 

The specific mechanical and corrosive properties of the thin NiP film vary with the percentage of phosphorus 

and the heat treatment. On the other hand there is the loss of mechanical properties of aluminum alloy at the 

temperatures of the nickel-phosphorus cure. 

The aim of this article is to find the appropriate mechanical properties of this sandwich-structure part in the 

view of changing mechanical properties of each of the sandwich components. To obtain these properties, 

indentation methods and finite element methods are used. 

Keywords: Indentation methods, nickel-phosphorus layer, aluminum alloy, mechanical properties, finite  

         element methods 

1. INTRODUCTION 

Reduction of manufacturing costs should be a part of every modern production. In most cases this leads to 

increased competitiveness and better place on market. One of the possible solutions to achieve this is the use 

of sandwich-structure parts. These sandwich-structures can be used instead of expensive and technologically 

complex manufacturing operations. There are usually high requirements, in terms of abrasive resistance, 

corrosion resistance and cost, on such sandwich-structure parts. Another aim could be obtaining of better 

mechanical properties. 

This article discuses and compares mechanical properties of critical part - cooling rotor - made as sandwich-

structure part of aluminum alloy and nickel-phosphorus coating - abbreviated NiP. 

Specific mechanical and corrosive properties of NiP coating depends on the relative amount of phosphorus 

and on heat treatment. The adverse effect is decrease of mechanical properties of aluminum alloys at 

temperatures of NiP coating heat treatment. 

The goal of this article is to find the appropriate mechanical properties of the whole sandwich-structure part in 

the view of changing mechanical properties of each of the sandwich components. To obtain these properties, 

indentation methods and finite element methods are used. 

2. CHOICE OF MATERIAL AND SURFACE TREATMENT 

There is a requirement of as high as possible mechanical properties of the critical part as well as the 
requirement of corrosion resistance of 400 hours in ISO EN 9227 test. The finished part (on Figure 1) has 
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more than 100 openings (1 mm in diameter) along its circumference which greatly reduces its overall strength. 

Due to complex machining of the part and also due to pricing policy the AW-Al Si1MgMn-T6 alloy was chosen 

as a base material. The required thickness of surface layer is 25 μm. The usual hard anodized coating was 

impossible to use because of its physical limits, mainly the lack of layer growth on sharp edges. Other adverse 
effects were the thinner layer inside the openings and the porosity of this layer - visible on Figure 2. All 

mentioned effects lead to failure to meet the corrosion resistance requirements. 

 

Figure 1 Critical part - cooling rotor 

 

Figure 2 Hard anodized coating (better sample on left, worse on right) 

Due to reasons mentioned above the electrochemically produced NiP coating was chosen. For comparison 
with hard anodized coating there is NiP coating on Figure 3. The higher is the relative amount of phosphorus 

in this coating, the higher is its corrosion resistance but on the other hand the lower is its surface hardness. It 

is possible to improve the surface hardness by heat treatment, but the temperature of such a treatment is in 

range of temperatures that lead to thermal degradation of the base aluminum alloy. This could be seen from 
Figure 4 and Figure 5. 

 

Figure 3 NiP coating 
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Figure 4 Hardening of NiP coating [1] 

 

Figure 5 Aluminum alloy thermal hardness loss [1] 

3. EXPERIMENTAL RESULTS 

To obtain values of mechanical properties, methods and equations described in [2] and [3] were used. The 

measurement was done on samples with same chemical composition of NiP layer but with different heat 
treatment. Results of these measurements are presented in Table 1 and Table 2. 

Table 1 Hardness of base material and surface layer with type 1 heat treatment 

Sample Al-alloy after heat treatment (HV5) NiP before heat treatment (HV0.1) 

1. 108 460 

2. 105 445 

3. 106 460 

4. 101 465 

5. 105 455 

Average 105 457 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1289 

Table 2 Hardness of base material and surface layer with type 2 heat treatment 

Sample Al-alloy before heat treatment (HV5) NiP after heat treatment (HV0.1) 

1. 58 890 

2. 60 900 

3. 56 910 

4. 58 905 

5. 58 910 

Average 58 903 

4. FEM MODEL 

It is impossible to obtain a stress/strain function from one single indentation measurement with constant force 

as it is possible from tensile strength test. Similarly the hardness value is not enough to characterize 

mechanical properties of material for elastic-plastic FEM analysis. However based on [4] and [5] we can expect 
yield strength ϬY = H/C with C being approximately 3 and H being hardness value in MPa. The mean value of 

contact pressure is equal to hardness H, while hardness itself is H = HV/0.0945. The aim of our model is to 

show the influence of (varying) yield strength of aluminum alloy to local toughness of NiP coated sample. 

 

Figure 6 FEM Axisymmetrical model 

For the purpose of analysis it is possible to substitute Vickers indenter with conical one. If this conical indenter 

have the angle α = 70.3°, then for given depth of indentation it gives exactly the same indentation area as 

original Vickers indenter. This lets us make a simplified 2D axisymmetrical model. This model in our case is 

made for ABAQUS 6.14 solver and consists of three- and four-node elements (called CAX). The indenter is 
simulated by totally rigid analytical surface. In Figure 6 there are marked boundaries with defined boundary 

conditions. On D-A boundary it is the condition of symmetry. On A-B it is zero movement in Y axle direction. 

The dimensions are width W = 1.5 mm, height H = 1.5 mm and surface layer thickness h = 20 µm. Loading is 

controlled by forced movement of indenter uy = 5 µm. Between the indenter and the surface of sample there 

is a contact condition with friction coefficient f = 0.1. The normal behavior of indenter is based on nonlinear 

penalty method. 

Materials of both base aluminum alloy and NiP coating are defined as bilinear models represented by 

equations (1) and (2), where Õj is yield stress, E is Young modulus, É is elastic strain, É�~ is plastic strain and 

k�~ is plastic modulus. Plastic modulus is expected k�~ = E/104. 
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Õ � kÉ for Õ k Õj (1) 

Õ � k�~ ∙ É�~ + Õj for Õ > Õj (2) 

The first model has more rigid base material (ϬYAl = 370 MPa for aluminum alloy) and less rigid surface coating 

(ϬYNiP = 1 612 MPa for NiP) representing type 1 heat treatment. The second model represents the type 2 heat 

treatment with yield strengths ϬYAl = 205 MPa and ϬYNiP = 3 185 MPa for aluminum alloy and NiP layer 

respectively. Young’s modulus for aluminum alloy is EAl = 70 GPa, for NiP coating we expect ENiP = 210 GPa. 

Plastic moduli Epl are chosen as 10 % of corresponding yield strength. 

5. FEM RESULTS 

On Figure 7 there is von Mises stress for both models, on the right side is model of heat treatment 1, and on 

the left side is heat treatment 2. For the first variant with more rigid base material and less rigid surface layer 

there is substantially lower maximal stress, than it is in second variant. Also in the first variant has the maximal 

stress on border between the two materials while in the second variant the maximum is in the contact with 

indenter. 

  

Figure 7 Von Mises stress (MPa) - heat treatment type 1 on left and heat treatment type 2 on right 

Also important are the loading curves i.e. force/depth dependence. This is shown on Figure 8 where the first 

type of heat treatment is drawn in red and second type in blue. 

 
Figure 8 Loading curves. Red for heat treatment type 1, blue for heat treatment type 2 
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6. CONCLUSION 

From the loading curves (Figure 8) it is clearly visible, that in case of limited area contact (with depth of 

penetration up to 5 μm) it is more advantageous to use sample with more rigid behavior on the surface - i.e. 

heat treatment type 2. On the other hand the heat treatment type 1 would be better for higher global (less 

centralized) loading because of better mechanical properties of base material. Given the requirements on the 

critical part - cooling rotor - in this case the better variant is heat treatment type 2, which leads to “very rigid 
surface layer, softer base material” represented by yield strengths ϬYAl = 205 MPa and ϬYNiP = 3 185 MPa for 

aluminum alloy and NiP layer respectively. 
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Abstract 

In recent years, the cerium-based conversion coatings have been increasingly used as one of the more 

promising chromate coatings substitutes on aluminum alloys, as cerium compound do not pose environmental 

problems and the coatings provide an efficient corrosion protection close to that of chromium. The cerium-

based layer was prepared from simple immersion of aluminium alloy sheets in a solution composed of a 4 - 8 

g·L-1 Ce(NO3)3·6H2O; 30 - 50 ml·L-1 H2O2 (37 %) and 0.5 - 1,5 g·L-1 tannin at room temperature. After 

optimization of several parameters as deposition bath composition, immersion time, drying temperature and 

so on, the corrosion resistance was evaluated mainly by means of salt spray tests (SST). It was established 

that the thickness of cerium-containing coatings is about 280 - 320 nm. 

Keywords: Corrosion protection, conversion coatings, cerium-containing coatings, chromate-free passivation,  

         rare earths 

1. INTRODUCTION 

Conversion chromate coatings are widely used as adhesion sub-layers for paint coatings before staining of 

aluminum and its alloys. High anticorrosion and adhesion characteristics of coatings, as well as ease of 

implementation of the process, provided their wide application in industry [1,2]. 

Chromate solutions, like the chromate coatings themselves, are highly toxic due to the hexavalent chromium 

ions they contain. For this reason, their use is limited or completely prohibited by law in the EU countries and 

the EEA, South Korea, China, etc. (Directives 2000/53 / EC, RoHS and WEEE) [3-6]. 

Analysis of scientific, technical and patent literature has shown that the process of depositing cerium, titanium, 

zirconium-containing coatings can be a promising replacement for aluminum chromating processes. Solutions 

for the application of these coatings are low-toxic, do not require heating and are easy to use [7-9]. 

The present study is devoted to the development of technologies for applying protective-adhesive cerium-

containing conversion coatings on the surface of AA 5556 to replace toxic chromating processes in the 

automotive and other industries. 

2. EXPERIMENTAL MATERIALS 

For the application of conversion coatings, samples of an aluminum alloy AA 5556 widely used in the 

automotive industry of the size of 3 x 4 cm were used. Solutions were prepared of pure and pro analysis grades 

of chemicals and distilled water. 

Developed cerium-containing coatings were compared in characteristics with chromate coatings, for 

application of which solutions based on Cr (VI): Na2Cr2O7 15 g/l were used; Na2CO3 60 g/l; T = 95-100 °C; 20 

- 30 minutes; and based on Cr3+: INTERLOX 338-A 160 ml/l; INTERLOX 338-B 50 ml/l; pH 3.3-4.3;  

T = 20-25 °C; 3 min. 
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To accelerate the evaluation of the protective ability of conversion coatings, a drop-express method was used 

using an Akimov solution containing: CuSO4·5H2O 82 g/l, NaCl 33 g/l, 0.1 N HCl 13 ml/l. The PAA (Akimov's 

protective ability) of conversion coatings on aluminum or its alloys is estimated by this method as time (in 

seconds) before the color change at the surface under a drop from gray to black. 

The thickness of the coatings was determined by ellipsometric method using the spectroscopic ellipsometer 

SENreseach 4.0 from SENTECH. 

The adhesion of the coatings was determined by the normal detachment method using the PosiTest AT digital 

adhesion meter. The method is based on measuring the minimum breaking tension required to separate or 

rupture the coating in a direction perpendicular to the substrate surface [10]. 

To determine the self-healing ability, samples with conversion coatings were incised and placed in a 0.003 M 

NaCl solution. After 24 and 80 hours of exposure in this solution, a surface area with scratches in the same 

place was examined with the OLYMPUS LEXT-OSL 4100 laser confocal microscope with MPLAPONLEXT 10 

(x216) and MPLAPONLEXT 50 (x1069) objectives. 

To evaluate the thermal stability of coatings, the samples were heated for 1 hour at a temperature of 160 °C, 

after which their protective ability was determined. Corrosion tests were carried out in a salt fog chamber Ascott 

S450iP in accordance with the international standard ASTM B117. 

3. EXPERIMENTAL  

The object of the study was a solution for the chemical oxidation of aluminum containing cerium ions, which 

were introduced into the solution as its nitric acid salt [Ce(NO3)3·6H2O]. 

3.1. Determination of the cerium-containing coatings depositing process parameters 

The effect of the concentration of cerium nitrate on the appearance and the protective ability of the coatings 

obtained is studied. The experiments were carried out for 5 minutes at room temperature. 

In the aqueous solution of cerium nitrate (solution 1) at pH = 2.5 and temperature of 18 - 25 °C, the layers with 

the greatest protective ability according to Akimov (PAA = 40 s) are formed at salt concentration in the range 

of 4 - 8 g/l in 60 minutes of the process. It should be noted that at a concentration of more than 8 g/l, the 

protective ability (PAA) of coatings is reduced from 40 to 20 seconds. The experiments carried out made it 

possible to determine the optimal concentration range of solution components. 

The addition of 30 - 50 ml/l of an 

oxidizing agent into the solution, such 

as H2O2 (solution 2), promotes the 

formation of more uniform coatings 

with PAA up to 80 s. The duration of 

coatings formation is reduced to 10 - 

15 minutes in this case.  

The thickness of the coatings obtained 

was determined by ellipsometry, 

depending on the duration of their 
formation (Figure 1). It was found that 

the thickness of the coatings obtained 

by solution 2 reaches a maximum 

value (320 nm) in 10 minutes; while in 

solution 1 the thickness of coatings 

does not reach such values even after 

Figure 1 The thickness of coatings obtained in solutions 1 and 2, 

depending on the duration of the process 
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60 minutes of the process. The maximum thickness of coatings obtained from a solution without hydrogen 

peroxide is only 160 nm. 

It was found that formation of coatings at room temperature and pH = 2.5 is over within 10 minutes, the 

thickness of the coatings and their protective ability during this time reaches maximum (110 s, 320 nm). The 

immersion of the coating in this solution for more than 20 minutes is undesirable, since it results in a slight 

decrease in the PAA (from 110 to 100 s). 

The effect of solution temperature on the protective ability of the coatings obtained was studied. It was found 

that heating of solution above 35 °C promotes a sharp deterioration in the protective capacity of the emerging 

coatings (from 80 to 40 sec). Thus, the operation temperature range 18 - 25 °C was chosen, and it was noted 

that it is allowed to warm the solution, for example in the summer, up to 35 °C. 

It was found that optimal pH values of the solution are in the range 2.0 - 3.0 units. It is known that in this region 

the following reactions occur [11]: 

Al → Al3+ + 3e-                                                                                                                                                 (1) 

H2O2 + 2e→2OH-                                                                                                                                             (2) 

OH- ions alkalize the solution near the sample surface, resulting in formation of cerium (IV) oxide according to 

the following reactions: 

Ce3+ + OH− + ½ H2O2 → Ce(OH)22+                                                                                                                (3) 

Ce(OH)2 + 2OH- → Ce(OH)4                                                                                                                           (4) 

Ce(OH)4 → CeO2 + 2H2O                                                                                                                                (5) 

The influence of the drying temperature on the appearance and protective ability of the coatings is studied. 

Drying at a temperature of 170 - 190 °C favorably affects the properties of the coating - protective ability is 

increased from 110 to 150 s. 

The possibility of increasing the protective ability of cerium-containing coatings was established by introducing 

into the working solution tannin, an ester of gallic acids with polyhydric alcohol. It is established that the 

introduction of 2-8 g/l tannin allows to increase the protective ability of coatings from 150 to 180 s. 

3.2. Tests of the coatings 

In order to identify the possibility of coatings application under high-temperature conditions, the samples were 

heated for 1 hour at a temperature of 160 °C. It was found that the protection of the coating after thermal shock 

increased from 180 to 220, while the protective ability of chromate coating, as expected, declined from 150 to 

12 seconds. 

 

Figure 2 Results of corrosion tests (ASTM B117) of AA5556 samples with an adhesive coating painted with 

polyester powder; h is the width of the peeling of the paint from the notch. 
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Corrosion tests (ASTM B117) of painted samples with an adhesive cerium-containing coating were carried out. 

The tests have shown that cerium-containing coating satisfy the requirements for the adhesive layers, since 

the width of penetration of the corrosion under paint coating does not exceed 2.0 mm after 750 hours of testing. 

In addition, cerium-containing coatings are superior to chromate and chromite analogues in terms of their 

protective ability and are resistant to high temperatures without deterioration in performance. 

The strength of paint adhesion for coatings on aluminum alloy with and without various adhesion sub-layers 
was determined by the detachment method (Table 1). The measurements were carried out before and after 

corrosion tests.  

Table 1 The results of tests for the adhesion strength of coatings were determined by the method of normal 

detachment using the PosiTest AT digital adhesion meter 

 
Adhesion strength (МPа) 

Adhesion change, % 
Before corrosion tests After corrosion tests (750 h) 

Solution 2+Thermal treat 2.41 2.21 8.3 

Solution 2 2.38 2.07 13.0 

Cr(VI) 2.25 1.94 13.8 

Cr(III) 2.25 2.05 8.9 

АА5556 1.97 1.51 23.4 

Tests showed that the adhesion properties of the developed coatings formed in solution 2 are comparable with 

chromate analogs. In addition, heat-treated cerium-containing coatings have a minimum adhesion loss value 

of 8.3 % after corrosion tests. 

The self-healing ability of the developed cerium-containing coatings is illustrated in Figure 3.  

 

Figure 3 Pictures of scratched areas (solution 2 (a, b, c), Cr (VI) (d)) after immersion in 0.003 M NaCl 

solution: a - 24 h; b, c, d - 80 h 
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It is obvious that after 80 hours of testing the depth and width of the applied scratch are reduced by 

approximately 0.6 μm, which is most likely due to the repeated formation of a protective film whose thickness 
is approximately 0.3 μm (Figures 3a, b). The surface of the metal at the scratch site is again covered with a 

thin layer of coating and, compared to the chromate coating, less corrodes in a 0.003M NaCl solution 
(Figures 3c, d). 

4. CONCLUSION 

As a result it was shown that the developed cerium-containing coatings on aluminum alloy AA5556 in terms of 

their protective ability and adhesion properties are comparable to chromate coatings and can be an alternative 

to toxic chromate coatings in the automotive and other industries. It has been found that cerium-containing 

coatings, like chromate coatings, have the ability to self-heal and, in contrast to them, withstand thermoshocks 

without deteriorating characteristics. 
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Abstract 

Commercially pure titanium was prepared by advanced powder metallurgy methods with the aim to produce 

the ultra-fine grained material. Cryogenic attritor milling was used as a first step to refine the microstructure at 

liquid argon temperatures to suppress recovery and dynamic recrystallization. Spark plasma sintering was 

subsequently employed to produce bulk material, exploiting its ability to achieve fully dense structure in short 

time and thus to reduce the grain growth. In order to understand the undergoing microstructural changes during 

the process, detailed investigation was performed after each preparation step. Powder morphology was 

changed significantly after milling, while particle fragmentation was only limited. Grain size after sintering was 

in micrometer scale, relatively independent of sintering conditions.  

Keywords: Titanium, cryogenic milling, spark plasma sintering, microstructure 

1. INTRODUCTION 

Titanium is a promising material for many industrial applications, such as aerospace, biomedicine and 

advanced structural applications, where high specific strength or biocompatibility is required. However, the 

titanium production is expensive, resulting in high price of the metal. As a consequence, significant effort is 

made to reduce the material losses during machining. Powder metallurgy followed by an appropriate 
compaction method can avoid excessive machining by aiming on near-net shape processing, after which none 

or only little post-processing is necessary. Properties of the final material can be significantly influenced by the 

powder processing prior to compaction. 

Ultra-fine grained (UFG) materials (with submicrometer grains) have higher strength than their coarse grained 

counterparts due to Hall-Petch strengthening. UFG materials can be prepared by application of severe plastic 

deformation (SPD) methods, when the material is severely deformed to achieve significant microstructure 

refinement. SPD is usually performed on bulk samples, however, there are methods such as ball milling which 

can process the powders in qualitatively similar way to bulk SPD methods. This is done by repetitive plastic 
deformation [1] during collisions of balls and powder. Spark plasma sintering (SPS) was selected for 

consolidation of powders, because it provides compaction in shortest processing time and at comparatively 

low sintering temperatures [2]. Limited sintering temperature and time are critical for retaining the UFG 

structure, which is inherently in a thermodynamically unstable condition.  

The influence of milling parameters and evolution of powder properties during cryomilling of Ti was investigated 

in [3-5]. Liquid nitrogen (LN) was found unsuitable as a cooling liquid because Ti powders are prone to high 

nitrogen pick-up. The small grain size of approximately 20 nm was obtained after milling in [5, 6], but such 

refined microstructure was stable only due to high nitrogen contamination from liquid nitrogen. Spark plasma 

sintering was used for consolidation of commercially pure Ti, with minimum required temperature of 700 °C for 

successful compaction [7]. 
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2. EXPERIMENTAL METHODS 

2.1. Material preparation 

Gas atomized commercially pure titanium (Grade 2) powder (20-60 µm) was supplied by TLS Technik, 

Germany with the composition as claimed by the supplier: 0.14 wt.% O, 0.08 wt.% Fe, 0.006 wt.% C, 

0.004 wt.% N, 0.001 wt.% H and Ti balanced. The material was processed by wet cryogenic milling using 

Union Process 01-HD attritor in liquid argon (LAr) bath for 3.25 h at 650 rpm milling speed. Tungsten carbide 

(WC) balls of diameter 6.35 mm were used as grinding media, because of its high density of 15.6 g/cm3 

(compared to conventionally used stainless steel with the density of 7.8 g/cm3). High density of balls leads to 

higher kinetic energy and impact energy, which results in more intensive deformation. Stearic acid was 

employed as a process control agent (PCA) to suppress cold-welding. 

The spark plasma sintering was performed by SPS 10-4 furnace (Thermal Technology LLC) in a graphite die 

of 20 mm in diameter. The approximate batch size was 10 g, the samples 6 mm in height were produced. The 

milled powder was cleaned from the stearic acid by repeated washing in ethanol. 

The sintering was done at temperatures of 700 °C, 750 °C, 800 °C and 850 °C. The program started with 1 min 

heating up to the temperature 50 °C below the desired sintering temperature (i.e. the heating rate varied from 

625 °C /min to 775 °C /min). Such fast sintering can fully exploit the unique feature of SPS of attaining very 

high heating rates. Fast heating can be beneficial for preserving the UFG microstructure of the powder by 

reducing the total time of powder exposure to high temperatures. After this step, the sample was heated at 

100 °C /min for 30 s to the desired sintering temperature. Limited heating rate in the final stage of heating was 

selected to avoid temperature overshooting. Isothermal sintering was subsequently performed for the time of 

3 min. The cooling was uncontrolled with an approximate initial cooling rate of 200 °C /min. The pressure of 

80 MPa was applied during the whole process. 

2.2. Experimental characterization 

The microstructure of samples was investigated using scanning electron microscopy (SEM). FEI Quanta 200F 

and Zeiss Auriga Compact FIB-SEM (microscopes both equipped by FEG electron source and EDS and EBSD 

detectors by EDAX) were used. For microstructure observations of the sintered samples, electron back-

scattered diffraction (EBSD) was used. 

The content of H, N and O in the cryomilled powder was determined by carrier gas hot extraction (CGHE) 

method. 

3. RESULTS AND DISCUSSION 

3.1. Powders 

The SEM images of four different powders are presented in the Figure 1 - the as-received gas atomized (GA) 

state and the milled powder. The originally spherical morphology of the gas atomized particles (Figure 1 a)) 

was significantly changed by cryogenic attritor milling. The as-milled particles have the shape of thin discs or 

plates as can be seen in the Figure 1 b). 

Only moderate fragmentation of powder particles was observed, with plastic deformation being the dominant 

mechanism during milling. This suggests that CP Ti remains ductile even at cryogenic temperatures. No signs 

of cold-welding were observed, which is a direct consequence of application of PCA. 
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Figure 1 SEM micrographs of the powder particles before (a) and after (b) milling 

Contamination by tungsten carbide balls (WC) is illustrated in the Figure 2. Micrometer sized WC particles 

detach from WC balls which become brittle at cryogenic temperatures and are embedded in comparatively 

softer Ti particles. 

 

Figure 2 BSE image of Ti powder particle after milling by tungsten carbide (WC) balls. WC particles appear 

bright (marked by arrows) 

The CGHE analysis revealed the increased contamination of powders (after cleaning): 0.594(2) wt.% of O, 

0.082(1) wt.% of N and 0.029 wt.% of H. The adsorption of gasses is an inherent problem of mechanical milling 

because of large surface area of powders. The main source of hydrogen is SA used as a PCA, the main source 

of oxygen and nitrogen is the cooling liquid (LAr), which always contains some amount of these elements. 

3.2. Sintered samples 

The microstructure of sintered samples was investigated by SEM and EDS, the respective images can be 
found in the Figure 3. It was found that WC particles observed in the powder (Figure 2) are present also in 

the sintered samples (Figure 3 on right), preferentially at grain triple points. Fe stabilized β-Ti precipitates were 

also found at grain boundaries. 
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Figure 3 BSE image showing the microstructure of the sample sintered at 850 °C (left) with corresponding 

EDS map of W content (right). The white spots in the BSE image are WC particles. Brighter lines are 

artefacts from ion polishing. 

Residual porosity was also investigated in the sintered samples by image analysis of SEM micrographs (not 
shown here). The results are plotted against sintering temperature in the Figure 4. All samples exhibit low 

porosity < 0.5 %, proving that fast sintering program is capable of successful consolidation of Ti. Higher 

porosity of 0.33 % was observed only in the sample sintered at 700 °C. The porosity in the specimen sintered 

at 750 °C and higher is below 0.1 % and does not change (within the experimental error). The material can be 

therefore considered to be completely dense. 

 

Figure 4 The porosity of the samples sintered at different temperatures 

The grain structure of sintered specimens (in vertical plane) was investigated by EBSD. The resulting maps 
can be found in the Figure 5. The IPF maps show fully recrystallized microstructure with the mean grain size 

from 2.2 to 2.8 µm, relatively independent of sintering conditions. It was reported earlier, that titanium 

undergoes recrystallization at temperatures above 500 °C [8]. However, in this case, the microstructure was 

stabilized by WC particles present at the surface of powder particles (contamination from the milling, dispersed 

in the sintered samples) and by high oxygen and nitrogen content, which prevented the grain boundary 
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migration and coarsening of the microstructure [6]. As the result, grain size (given in the caption of the  
Figure 5) does not significantly increase with increasing sintering temperature.  

  

  

Figure 5 IPF maps of the sintered samples. Step size 0.4 µm, high-angle grain boundaries (HAGB) are 

marked with black lines. Only the well indexed points are shown. The mean grain size: a) 2.2 ± 1.0 µm, 

b) 2.4 ± 1.1 µm, c) 2.6 ± 1.2 µm, d) 2.8 ± 1.2 µm. 

4. CONCLUSIONS 

Commercially pure Ti was prepared by cryogenic attritor milling and spark plasma sintering. The 

microstructural investigations of both powder and bulk materials were performed with the following results: 

• Cryogenic milling with the use of process control agent results in significant flattening of powder particles 
without apparent fragmentation.  

• Powder milled by tungsten carbide (WC) balls is contaminated by WC fragments.  
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• WC fragments leads to stabilization of fine grained structure after sintering with the average grain size 

from 2.2 to 2.8 μm. 

• Cryogenic milling followed by fast spark plasma sintering proved to be a suitbale combination of 

techniques for manufacturing of fine grained commercially pure Ti.  
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Abstract 

Ti15Mo metastable β-Ti alloy was subjected to severe plastic deformation by high pressure torsion. The 

microstructure and chemical composition of the studied Ti15Mo alloy was investigated by scanning electron 

microscope. Furthermore, the microhardness of the non-deformed and deformed material was measured 

which was influenced by the local features of their microstructure.  

The solution treated Ti15Mo alloy after ageing contains acicular α-phase particles along grain boundaries and 

in the interior of the β-grains. The aged and deformed alloy exhibits an ultra-fine grained duplex (α+β) 

microstructure. The equiaxed and submicrometer size α-phase particles form by diffusion via expelling a β 

stabilizer element (in our case Mo). Therefore, the slight difference in the chemical composition can 

significantly affect the morphology of the α-phase precipitation. The microhardness measurement revealed a 

remarkable increase of the microhardness of the HPT-deformed Ti15Mo alloy in α+β condition. 

Keywords: Metastable beta titanium alloys, high pressure torsion, phase transformations, alpha phase  

         precipitation 

1. INTRODUCTION 

Metastable β titanium alloys are extensively investigated due to their excellent properties such as high strength, 

low modulus of elasticity, unique biocompatibility and corrosion resistance [1]. Thanks to the aforementioned 

properties they are used in a broad field of applications ranging from aerospace to biomedical [2, 3]. These 

properties are usually achieved by an appropriate tailoring of microstructure of homogenously precipitated α-

phase particles in a β-matrix [4]. For medical use especially in orthopedic, high strength is required together 

with low modulus of elasticity to avoid stress-shielding [5]. To improve the strength of the material without 

increasing the Young’s modulus, severe plastic deformation (SPD) methods can be applied [6]. SPD induce 

to the materials high strain, thus high density of dislocations which significantly contribute to improving of the 

strength of the alloys along with grain structure refinement [7]. Moreover, it was also reported that highly 

deformed materials exhibit lower modulus of elasticity [8].  

In our work we examined the effect of the ultra-fine grained (UFG) microstructure on the ongoing phase 

transformations in metastable β Ti15Mo alloy during heat treatment. The UFG structure of the materials was 

achieved by SPD method of high pressure torsion (HPT) [6]. In our previous work we investigated the 

microstructure and mechanical properties of the HPT-deformed Ti15Mo alloy [9]. It was revealed that the 

deformation induced by HPT results in much higher strength of the material than the precipitation strengthening 

by nucleation and growth of the α-phase [9]. Nevertheless, the Young’s modulus grows with increasing 

deformation which can be caused by the formation of the ω-phase due to the high strain [10]. 

It was also previously shown that ultra-fine grained structure accelerates the precipitation of the α-phase [11]. 

The easy nucleation at lower temperature range (around 400 °C) can be attributed to high amount of nucleation 
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sites. Dislocations, grain boundaries or even vacancies can be considered as preferential nucleation site since 

they lead to higher diffusivity [12]. It is well known that ω-phase can also play a role in precipitation of the α-

phase [13].  

The morphology of the α-phase precipitation in Ti15Mo alloy after HPT was thoroughly investigated in the 

present study. The microstructure observations showed that local features of the microstructure significantly 

affect the nucleation of the α-phase.   

2. EXPERIMENTAL 

Ti15Mo in a form of rod with diameter 10 mm was obtained from Carpenter, Co. The initial, as-received material 

was subjected to solution treatment at 810 °C for 4 hours. Thereafter, a cylinders with approx. height of 5 mm 

were prepared from the solution treated (ST) rod. These cylinders were subjected to HPT which results in 

highly deformed discs with diameter 20 mm and height approx. 1 mm. The HPT deformation was performed 

at USATU Ufa, Russian Federation. The annealing of the samples at temperatures 400 °C and 500 °C for 16 

hours was performed in salt bath in order to avoid contact with the air and to achieve maximum heating rate.  

The HPT-deformed Ti15Mo samples were prepared from the periphery part of the disc specimens, where the 

deformation is the highest [14]. Samples for microstructure observation were prepared by mechanical grinding 

and polishing ending with the three-step vibratory polishing. 

The study of the microstructure was performed on scanning electron microscope (SEM) Zeiss Auriga 

CrossBeam operated at 10 kV and equipped with EDS detector by EDAX. The analysis of the local chemical 

composition was performed by EDS technique and evaluated using TEAM software. The microhardness of the 

specimens was measured by Vickers method of automatic evaluation (0.5 kg load, 20 indents per sample) 

using Qness Q10a instrument.  

3. RESULTS AND DISCUSSION 

Figure 1a shows the microstructure of the Ti15Mo alloy after solution treatment. The structure is observed due 

to channeling contrast in BSE micrograph and consists of coarse β-grains. The nanometer size ωath-phase, 
which is present in the ST Ti15Mo alloy [11], cannot be observed by SEM. In Figure 1b the microstructure of 

the HPT-deformed alloy after annealing at 400 °C for 16 h is displayed (note the same magnification of  
Figures 1a and 1b). In addition, brighter and darker areas (hereafter bands) can be also observed in  

Figure 1a (dark bands are indicated by white arrows in Figure 1a) thanks to the chemical contrast (Z-contrast) 

in BSE micrograph. These bands are also observable in HPT-deformed Ti15Mo alloy after annealing at 400 
°C for 16 h (marked with arrow in Figure 1b) and follow the direction of the torsion during HPT. These bands, 

especially in ST material, were thoroughly studied by EDS and the results are shown in Figure 2. Figure 2a 

shows few β-grains visible due to channeling contrast and darker and lighter bands (visible especially in the 
top left corner of the image). It was confirmed by EDS that darker bands contain less Mo (Figure 2b), thus 

lower amount of β-stabilizer element. The effect of this local chemical inhomogeneity after HPT deformation 

was further studied and compared with solution treated material. The bands of local chemical inhomogeneities 

from ST material persist also in HPT-deformed Ti15Mo alloy moreover they are elongated in the direction of 

the deformation. 

Figure 3 shows BSE micrographs of the annealed Ti15Mo alloy in ST and HPT-deformed condition.  

Figure 3a depicts the ST Ti15Mo alloy after annealing at 400 °C for 16 hours. No visible α-phase particles 

have been found even at grain boundaries which are considered as preferential sites for α-phase nucleation. 
In contrast, Figure 3b depicts the microstructure of the HPT-deformed material after annealing under the same 

conditions (400 °C/16 hours). The small (submicrometer) and equiaxed α-phase particles are clearly visible. 

The heterogeneous microstructure (darker band with more refined α particles) is in accordance with the 

previously found local chemical inhomogeneities. The α-phase nucleates by expelling the beta stabilizer 
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elements (in our case Mo), thus the α-phase particles are bigger in zones with lower content of Mo. The zone 

with bigger α-phase particles in the HPT-deformed Ti15Mo looks brighter and area with lower fraction of α-

particles appear darker. The dark (grey) zone is caused by and averaging of the chemical contrast caused by 

small α-phase particles and β-phase through penetration depth of the electrons (acceleration voltage 10 kV).  

In different studies it was claimed that during HPT deformation shear bands are created which affects the 

morphology and heterogeneity of the precipitation of the α-phase [15, 16]. In our opinion, shear bands can 

also play a role in heterogeneous nucleation of the α-phase, however, the local feature of the chemical 

composition also significantly affects the nucleation. Exact explanation of the phenomenon needs further in-

situ investigation.   

  

Figure 1 Overview BSE micrograph of the Ti15Mo after solution treatment (white arrows indicate the “dark 

bands”) (a) and overview BSE micrograph of the Ti15Mo alloy after N = 5 HPT turns (white arrow indicate 

the direction of the HPT deformation) (b) 

  

Figure 2 Local chemical inhomogeneity in ST Ti15Mo alloy: a) SE micrograph of the area of interest,  

b) relative chemical content of Mo (EDS map) 

In Figure 3c the microstructure of ST TI15Mo alloy after annealing at 500 °C for 16 hours is shown. The grain 

boundary α-phase as well as the lamellar structure of the α-phase particles are visible inside the β-grains. The 

difference between Figures 3a and 3c is clearly observed, annealing at 500 °C for 16 hours is sufficient for a 

nucleation and growth of the α-phase on grain boundaries and even in the interior of the β-grains. On  

Figure 3d the HPT-deformed alloy after annealing at 500 °C for 16 hours is displayed. In comparison with the 
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microstructure seen on Figure 3b material became more homogenous. The α-phase particles are bigger but 

still not exceed the size of hundreds of nanometers.   

The microhardness of the non-annealed samples and samples annealed at 400 °C and 500 °C for 16 hours 

was measured and compared (see Figure 4). The solution treated Ti15Mo alloy exhibit a microhardness of 

278 HV. The deformation by HPT increases the microhardness of the material up to 400 HV (this value is valid 

for the periphery part of the sample). The microhardness significantly increases after annealing at 400 °C for 

16 hours for both ST and HPT-deformed Ti15Mo alloy. The HPT-deformed material after annealing (400 °C/16 

h) shows a microhardness ~600 HV, the solution treated one after annealing ~530HV. This rapid growth of the 

microhardness can be attributed to the significant amount of the hard and brittle ωiso (isothermal)-phase which 

forms during annealing [17]. Material after similar annealing conditions exhibits a low ductility [18]. Further 

increase of the annealing temperature up to 500 °C leads to decrease of the microhardness of both ST and 

HPT-deformed material. The reason should be the continuous dissolution of the ω-phase as well as growth of 

the α-phase. For both ST and deformed Ti15Mo alloy the microhardness after annealing at 500 °C for 16 hours 

is above the microhardness of non-annealed ones. 

  

Figure 3a Detail BSE micrograph of the Ti15Mo 

alloy after solution treatment and subsequent 

annealing at 400 °C for 16 hours 

Figure 3b Detail BSE micrograph of the Ti15Mo 

alloy after N = 5 HPT turns and subsequent 

annealing at 400 °C for 16 hours  

  

Figure 3c Detail BSE micrograph of the Ti15Mo 

alloy after solution treatment and subsequent 

annealing at 500 °C for 16 hours 

Figure 3d Detail BSE micrograph of the Ti15Mo 

alloy after N = 5 HPT turns and subsequent 

annealing at 500 °C for 16 hours 
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Figure 4 The microhardness of ST and HPT-deformed Ti15Mo alloy depending on the annealing conditions 

4. CONCLUSIONS 

The morphology of the α-phase precipitation in Ti15Mo alloy after deformation by high pressure torsion 

(HPT) as well as its effect on the microhardness evolution were investigated. The most important conclusion 

of this study can be summarized as follows: 

• The solution treated Ti15Mo alloy contains local chemical inhomogeneities which persist in the HPT-
deformed material and follow the direction of the torsion.  

• The local features of the microstructure and chemical composition of the material significantly affect the 

phase transformations, especially the nucleation and growth of the α-phase. 

• In a highly deformed Ti15Mo alloy, equiaxed and nanometer size α-phase particles precipitate. 

• The microhardness of the alloy increases by the HPT deformation and reaches values of ~600HV for 

α+β+ω condition of the HPT-deformed material.  

• With continuous dissolution of the hard ω-phase, the microhardness decreases, however, it is still higher 
for α+β condition in comparison with the microhardness of the alloy without annealing.  
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Abstract 

Beta titanium alloy, Ti-35Nb-6Ta-7Zr-0.7O (wt.%), differs from most of Ti-Nb-Zr-Ta based biomedical alloys by 

its very high oxygen content, which provides a significant interstitial solution strengthening. However, there is 

a need for thermomechanical processing due to the poor fatigue resistance after casting. This is caused by a 

residual porosity in the ingot and large grains (size > 1 mm). Die forging was used to work the cast rod with 

diameter of 45 mm into rods with diameters of 35 mm and 25 mm. Resulting microstructure and mechanical 

properties are evaluated and discussed. Heavily deformed microstructure with deformation bands is found in 

the 35 mm rod without apparent grain refinement. Further forging to 25 mm leads to recrystallization and 

significant refinement of grain size. Porosity observed in cast condition is removed by thermomechanical 

processing. Yield and tensile strength are improved while the fatigue performance remains low. 

Keywords: Beta titanium, biocompatibility, die-forging, tensile testing, fatigue testing 

1. INTRODUCTION 

β-Ti alloys are promising group of materials for endoprostheses manufacturing mainly due to their excellent 

biocompatibility, when suitable alloying elements are used [1]. They have generally low Young’s modulus, that 

is convenient for avoiding the so-called stress-shielding effect [2], that arises when rigid implant absorbs the 

mechanical loading [3] and the unloaded surrounding bone atrophies. The composition of β-Ti alloys, namely 

the oxygen content can significantly affect the Young’s modulus and strength of the material [4-7]. 

The alloy Ti-35.3Nb-6.7Ta-7.3Zr-0.7O (wt.%) exhibits Young’s modulus of 80 GPa [8] and its yield strength in 

as-cast condition is 900 MPa [9]. This high strength is caused mainly by high content of interstitial oxygen 

(0.7%), pinning the dislocations and thus strengthening the material [10]. However, the material in the as-cast 

condition is not suitable for implant manufacturing due to porosity and very large grain size (0.5 mm - 2 mm), 

that cause low fatigue performance. Therefore, the thermomechanical processing has to be performed. 

2. MATERIAL AND METHODS 

The initial Ti-35.3Nb-6.7Ta-7.3Zr-0.7O was cast at the company Retech Systems LLC. Ti and Zr sponge, Nb 

and Ta pieces and TiO2 powder were melted by plasma arc melting into 2 kg compacts. These compacts were 

subsequently remelted in pure He atmosphere by sequential pour melting process to achieve the rod with the 

diameter of 45 mm. 

Two rods with diameter 35 mm and 25 mm were produced by die-forging at the company ALPER a.s., 

Prostějov. Initial material after casting was heated approx. to 1200 °C in furnace in air (heating took approx. 

20 min). The heated pieces were subsequently forged to 35 mm diameter in several steps using semi-

constrained die and hydraulic press. The process took approx. 1 min and despite the forging die was pre 

heated to 300°C, the cooling of the material during processing (to approx. 900 °C) is unavoidable. The forged 

rods were cooled in water after forging. One of the forged pieces was reheated back to 1200 °C in furnace and 

forged to diameter 25 mm. During forging of the second piece, the temperature dropped below approx. 800 °C 

and this piece had to be reheated again. The piece with diameter 25 mm was finally also water quenched.  
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Samples for microstructural observations were made from central part of 35 mm rod and from both center and 

longitudinal edge of 25 mm rod. Scanning electron microscopy (SEM) observations and electron back-scatter 

diffraction (EBSD) measurements were conducted using microscope FEI Quanta 200F (FEG), operating at 

10 kV for back-scattered electrons (BSE) observations and at 20 kV for EBSD measurements. 

Round samples for tensile testing were machined from the rods to gauge diameter of 3 mm and length of 

15 mm. Tensile testing was done with strain rate of 10-4 s-1. Samples for fatigue testing had typical hourglass 

shape with diameter of 3 mm in the narrowest part. Fatigue testing was done in tension-compression test with 
R = -1. 

3. RESULTS AND DISCUSSION 

Figure 1a) shows microstructure of 35 mm rod. Note that porosity from casting [9] has been removed already 

in this condition. The grains did not undergo significant refinement during forging, their size remains in scale 

of 0.5 mm - 2 mm, but the band-like structure inside of them is evidence of deformation and formation of slip 

bands. However, this deformation is not homogeneous and some grains contain much less of these bands 
that the others. Example of such grain is in Figure 1b). The channeling contrast in a large grain interior 

changes continuously, indicating only minor imposed strain. Similar microstructure behavior was found in 

whole cross-section with no big differences on the edge and in the center. 

  
a) b) 

Figure 1 Microstructure (BSE) of 35 mm forged rod: a) overview, b) example of non-deformed grain 

In the 25 mm rod, the deformation in the material is too high for observations by BSE. It is therefore necessary 

to employ the EBSD technique to characterize the microstructure. To measure the overall deformation present 

in each grain, grain orientation spread (GOS) can be computed from EBSD data. GOS is a characteristic angle 

for every grain and is calculated as an average misorientation between all measured points in a single grain 

and a mean orientation of the grain. 

GOS maps from rod forged to 25 mm from longitudinal edge and center are shown in Figures 2a) and 2b), 

respectively. Note that the scale bar is ten times smaller than in the case of images of 35 mm rod. The edge 

contains equiaxed grains with the size around 50 μm. In the center of the rod, the grains are smaller than on 

the edge with the grain size around 20 μm. Significant grain refinement probably occurred during multiple 

heating of the rod between the two deformation steps. The deformed structure recrystallized while forming 

much smaller grains. 
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The cause of enhanced grain refinement in the center is surely higher deformation in this part of the rod, since 

there are higher values of GOS present in the center. Grain elongation is caused by deformation of previously 

recrystallized grains.  

 

a)   b) 
Figure 2 EBSD maps of 25 mm forged rod: a) longitudinal edge, b) center 

The microstructural inhomogeneity of forged material resulted in significantly inhomogeneous mechanical 
properties. Mean yield stress (YS), ultimate tensile stress (UTS) and elongation are provided in Table 1 along 

with comparatively high standard deviations. Representative flow curves from each metallurgical condition are 
shown in Figure 3a). The differences in the YS are large, systematic and significant in spite of large statistical 

error. Sharp yield point is more pronounced in the forged rods due to higher dislocation density introduced 

during deformation that causes more progressive pinning by oxygen atoms. The three flow curves differ in 

fracture mode. The cast material undergoes sudden brittle fracture while in forged material, the necking occurs. 

In the 25 mm rod, work hardening during tensile test is reduced due to the previous deformation and 

consequently the neck is formed at lower strains than in the 35 mm rod.  

 

a) b) 
Figure 3 Mechanical properties of cast ingot and forged rods: a) Flow curves, b) S-N plot 
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S-N plot in Figure 3b) shows fatigue performance of both die-forged conditions along with data from the cast 

ingot. Again, significant inhomogeneity of mechanical properties due to microstructural inhomogeneity resulted 

in serious differences of performance of individual samples, which complicates overall assessment of fatigue 

endurance. Despite 35 mm rod shows improved fatigue resistance to cast ingot, it is still considered poor. The 

10 million cycles to failure were not reached even at stress amplitude as low as 350 MPa. The low fatigue 

strength is most probably caused by initiating fracture on large grains in an inhomogeneous grain structure. 

Porosity removal clearly played only minor role in enhancing fatigue performance. The inhomogeneity of 

fatigue performance was large also in the 25 mm rod, but the overall endurance is better. The fatigue limit is 

estimated to be in range 350 MPa - 400 MPa.  

Summary of achieved mechanical properties is shown in Table 1. Large errors of the tensile properties are 

caused by the aforementioned differences among individual samples. Both tensile properties and fatigue 

properties clearly improved by hot die-forging, however fatigue endurance is not sufficient for intended 

application of hip implant manufacturing.  

Table 1 Summary of mechanical properties of cast and die-forged Ti-35.3Nb-6.7Ta-7.3Zr-0.7O alloy 

 
Yield strength  

(MPa) 

Ultimate tensile 

strength (MPa) 

Plastic strain to 

fracture (%) 

Fatigue limit 

(MPa) 

Cast ingot 870 ± 25 1039 ± 38 13.8 ± 1.7 < 350 

Die-forged rod - 35 mm 1053 ± 71 1129 ± 76 14.1 ± 2.9 < 350 

Die-forged rod - 25 mm 1256 ± 68 1264 ± 62 10.4 ± 2.0 ~ 350 - 400 

4. CONCLUSION 

The β-Ti alloy with composition Ti-35.3Nb-6.7Ta-7.3Zr-0.7O (wt.%) was successfully die-forged after casting. 

Following conclusion can be drawn from presented results: 

• Hot die forging removes porosity, induces plastic deformation and causes recrystallization in  

Ti-35.3Nb-6.7Ta-7.3Zr-0.7O alloy. 

• Die-forging increases Yield strength and Ultimate tensile strength by work hardening, porosity removal 
and grain refinement. Ductility of 35 mm rod is comparable to the cast condition while the ductility of 

25 mm rod is lower. 

• The fatigue performance remains poor even after die-forging. Removing porosity itself did not provide 

significant improvement of fatigue properties. Homogeneous grain refinement is also required as 

indicated by results from 25 mm rod. 
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Abstract 

Phase transformations in several metastable β-titanium alloys were studied during linear heating by in-situ 

electrical resistance measurement. The initial decrease of electrical resistance is caused by a reverse shuffle 

transformation of athermal ω phase particles to β matrix. The following temperature interval in which a negative 

dependence of electrical resistance was observed correlates with diffusional stabilization and growth of 

isothermal ω phase which releases internal stresses in the β matrix. At the temperature of ω phase stability 

limit (500 - 570 °C, depending on the type of alloy), an abrupt change in electrical resistance is observed. The 

subsequent β → α followed by α → β transformation may cause an additional local maximum in the electrical 

resistance, depending on the type of the studied alloy and the kinetics of this transition. Electrical resistance 

measurement proved to be a very sensitive technique for phase transformation analysis. 

Keywords: Metastable beta-Ti alloys, omega phase, electrical resistivity 

1. INTRODUCTION 

Metastable β-Ti alloys belong to a modern class of materials, finding their use in advanced applications, e.g. 

in aerospace and biomedical sectors, due to their outstanding mechanical and physical properties. In 

particular, metastable β-Ti alloys have high specific strength, excellent corrosion resistance and good 

biocompatibility [1]. Mechanical properties can be further tailored according to specific requirements of 

particular applications by thermomechanical treatment. The main disadvantage, which hinders a wider use of 

titanium, is its relatively high cost due to expensive production process [2]. 

Titanium is an allotropic element. At room temperature and standard pressure, pure titanium crystalizes in a 

hexagonal close-packed (HCP) structure known as α phase. When heated above 883 °C, so called β transus 

temperature, its crystallographic structure transforms to a body-centered cubic (BCC) β phase. By adding β 

stabilizing alloying elements, such as Mo, Fe, Nb or V, the β transus temperature decreases. In metastable β-

Ti alloys the content of β stabilizers is sufficiently high to retain the β phase in a metastable state (i.e. the 

martensitic transformation β → α is suppressed) upon quenching from a temperature above the β transus to 

room temperature [2].  

Depending on the type and content of β stabilizers in metastable β-Ti alloys, particles or precipitates of other 

metastable phases can form during quenching or further heat treatment. The most important one is the ω 

phase. In literature, two evolution stages are usually distinguished. The first stage is called athermal ω (ωath). 

The ωath is formed during quenching by a diffusionless transformation described by de Fontaine et. al. [3]. This 

transformation is accomplished by a collapse of two adjacent (111)β planes into their intermediate position, 

while one (111)β plane in between two pairs of collapsed planes is left unchanged, creating a hexagonal 

structure. Particles of ωath phase are uniformly dispersed in the β matrix and their size is of the order of several 

nanometers. The ω lattice is coherent with the β phase matrix and the chemical composition of ωath is identical 

to the parent phase [4]. It was shown, that this transformation cannot be suppressed even by extremely fast 

cooling rates [5]. Moreover, it was proved that β ↔ ωath transformation is partially reversible in a certain 

temperature interval [6]. During ageing at elevated temperatures, ωath phase may evolve and grow, resulting 
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in the so-called isothermal ω (ωiso) phase. This process is diffusion controlled and is accompanied by rejection 

of β stabilizing elements from the volume of ωiso particles. ωiso particles typically reach the diameter of several 

tens of nanometers. This process is irreversible [7, 8]. 

The formation of ω phase particles has a great impact on mechanical properties of metastable β-Ti alloys. ω 

particles increase the yield strength but also embrittle the material [2, 3]. During subsequent ageing at higher 

temperatures, thermodynamically stable α phase can form. Finely and uniformly dispersed particles of ω phase 

formed at a lower temperature serve as nucleation sites for small and homogenously distributed α platelets. 

This microstructure leads to high yield strength with minimal reduction of ductility [2].  

In this work, we investigated phase transformations in several metastable β-Ti alloys by means of in-situ 

electrical resistance measurement. 

2. EXPERIMENTAL 

Commonly used abbreviated names of the studied alloys are listed below together with their chemical 

compositions given in weight percent and calculated molybdenum equivalence (Mo eq.) which helps to 

compare the β stabilizing effect of different elements in Ti alloys [2]: 

• Ti-15Mo, 

• LCB - Ti-6.8Mo-4.5Fe-1.5Al (18.4 Mo eq.), 

• Ti-5553 - Ti-5Al-5Mo-5V-3Cr (8.15 Mo eq.), 

• TNFS - Ti-29Nb-1Fe-0.5Si (11 Mo eq.), 

• TNTZ - Ti-35.3Nb-5.7Ta-7.3Zr (13 Mo eq.). 

Simple binary Ti-15Mo alloy was chosen as benchmark material. LCB (stands for Low Cost Beta - an alloy 

developed by Timet company to address the demand for a less expensive alternative to other metastable β-Ti 

alloys) and Ti-5553 are structural materials used in demanding aerospace and automotive applications. TNTZ 

and TNFS are Nb-based metastable β-Ti alloys with exceptionally low elastic modulus and with a high potential 

in biomedical applications. All alloys were supplied by Timet company except TNTZ alloy which was vacuum 

arc melted from pure elements in UJP Praha, Czech Republic. The initial state of each material was prepared 

by β solution treatment at a temperature above the β-transus of each alloy. The solution treatment of the 

material was done in quartz tubes filled with pure argon, and - was terminated by water quenching. 

In order to study phase transformations in these materials, in-situ measurement of electrical resistance during 

heating was employed. Electrical resistance measurement proved to be an ideal tool for detecting 

microstructural and phase changes in materials. It usually exhibited higher sensitivity than more commonly 

used differential scanning calorimetry (DSC) or dilatometry. Flat samples of the thickness of about 1 mm were 

cut from the studied materials. Series of grooves were cut into the samples to form an “N” shape. This shape 

was employed to increase the effective length of the sample and consequently the sensitivity of the 

measurement of electrical resistance. In order to avoid the influence of deformed surface resulting from cutting 

the sample with a wafering blade, approximately 0.2 mm thick layer was removed by grinding using SiC papers. 

The four-point method was employed for electrical resistance measurement. The experimental setup allowed 

the simultaneous measurement of both the voltage and the electrical current using Keithley 2182 

nanovoltmeter and Keithley 2400 SourceMeter, respectively. The samples were heated in a specially designed 

furnace which allowed precisely controlled heating from room temperature to 850 °C with the heating rate of 5 

°C/min and 50 °C/min in an inert atmosphere of argon (purity (6N). This setup allows achieve the relative error 

of the measurement lower than 10-4 in each measured point while acquiring 2 points per second. Details about 

experimental apparatus can be found in [9]. Unfortunately, it is very difficult to determine accurately the 

electrical resistivity (material constant) with only a small amount of material. Instead, relative electrical 

resistance normalized to initial electrical resistance (R(T)/R0) was evaluated. 
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3. RESULTS AND DISCUSSION 

The evolution of electrical resistance of metastable β-Ti alloys during heating is usually very complicated. Due 

to the formation of a large amount of small ω particles (volume fraction of ω phase can reach tens of percent), 

the crystallographic structure of the material is severely disturbed. This significantly affects the mean free path 

of electrons and results in high electrical resistance. During heating of common metals and alloys, the 

increasing scattering of electrons on phonons is the dominant process, leading to an increase of electrical 

resistance with temperature. In metastable β-Ti alloys, the situation is more complex due to ongoing phase 

transformations. For example, the reversion of ω phase particles back to the β phase is accompanied by the 

release of elastic strains arising from the presence of ω particles. Consequently, the mean free path of 

conduction electrons increases. Similar effect is observed at later stages of ω particle growth. Our hypothesis 

is that highly strained coherent β/ω interface changes to semi-coherent, which also decreases the resistance 

to electron motion through the material. These effects which increase electron mean free path may prevail 

over phonon scattering (increasing electrical resistance with temperature); therefore, we can observe a 

negative temperature dependence of electrical resistance.  

 

Figure 1 Evolution of electrical resistance of Ti-15Mo Figure 2 Evolution of electrical resistance of LCB 

The evolution of electrical resistance of binary Ti-15Mo alloy during heating with the heating rate of 5 °C/min 
and 50 °C/min is plotted in Figure 1. The initial decrease corresponds to inverse shuffle transformation 

ωath → β. Elastic stresses in the parent β phase which lead to formation of ωath particles upon quenching are 

partially released at the beginning of heating which allows ωath to transform back to β. The periodicity of the 

crystal structure is increased, resulting in easier electron transport and a decrease of electrical resistance.  

This process is reversible up to about 110 °C. Above this temperature, the diffusion-driven stabilization of 

remaining ω particles begins, starting the growth of ωiso particles. During the subsequent temperature interval 

(250 - 350 °C and 300 - 450 °C for the heating rate of 5 °C/min and 50 °C/min, respectively), an increase of 

electrical resistance is observed. This increase is caused mainly by phonon scattering. However, it can be 

assumed that the growth of ωiso also contributes to the increase of electrical resistivity as in the early stages 

of ω particles growth, the ω lattice is still coherent with the parent β phase (with a small misfit [10]). As ω 

particles grow, the relative misfit between the two lattices increases, and the resulting larger elastic distortions 

hinder the motion of conduction electrons. The second temperature interval in which a negative dependence 

of electrical resistance is observed (350 - 560 °C and 450 - 560°C for the heating rate of 5 °C/min and  

50 °C/min, respectively) could be explained by further growth of ω particles. As the size of ω particles 

increases, the energy associated with the β/ω lattice misfit also increases. At a certain point, the coherent 

interface between ω and β phases is no longer favorable and it changes to the semi-coherent one [11]. As a 

consequence, lattice strains are partly released and the electron mean free path increases. Note that both the 

first local minimum and the first local maximum are shifted to higher temperatures for the higher heating rate. 
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This is a typical feature of diffusional transformations which is caused by the fact that the diffusion process has 

less time at any specific temperature. Let us now discuss the first temperature interval (to 250 °C and 300 °C 

for the heating rate of 5 °C /min and 50 °C/min, respectively) in more detail. It can be seen that up to approx. 

110 °C (i.e. the limit for ω ↔ β reversibility), electrical resistance curves for both heating rates exhibit the same 

temperature dependence. However, at higher temperatures (above 110 °C), different kinetics of ωiso 

transformation are observed for the two heating rates. At the higher heating rate (50 °C/min) the transformation 

to ωiso is shifted to higher temperatures due to the reason described above. Therefore, the dissolution of ωath 

remains the dominant effect between 110 °C and 250 °C before the diffusion process starts, and the electrical 

resistance curve continues to decrease. On the other hand, the temperature of the sharp minimum at about 

560 °C does not depend on the heating rate. This abrupt change in the dependence of electrical resistance on 

temperature denotes the limit of stability of the ω phase [3]. At this temperature, all remaining ω phase 

transforms back to β. It was shown in [7] that α phase starts to form beyond this point. The β transus of Ti-

15Mo is at about 775 °C. Exactly at this point a small hump on the resistance curve is seen. 

Very similar behavior of electrical resistance can be observed in LCB alloy (see Figure 2). At the higher heating 

rate, transformations in the temperature interval between approximately 200 °C and 400 °C are shifted to 

higher temperatures compared to the lower heating rate. The limit of the stability of the ω phase is again 

independent of the heating rate. The most significant difference can be observed beyond the stability limit of 

the ω phase - a distinct local maximum appears when the slower heating rate is applied. This can be explained 

by much higher diffusivity of Fe compared to Mo and the presence of α stabilizing Al, resulting in much faster 

formation of fine α phase particles which in turn causes the increase of electrical resistivity. As the temperature 

further increases, the equilibrium concentration of the α phase (which has higher electrical resistivity) in the β 

matrix decreases and the α phase reverts back to β. Decreasing volume fraction of the α phase causes the 

decrease of electrical resistance in the temperature interval between 600 °C and 750 °C. After the β transus 

temperature is reached, the material consists of pure β phase and electrical resistance increases due to 

increasing phonon scattering.  

  

Figure 3 Evolution of electrical resistance of Ti-5553 Figure 4 Evolution of electrical resistance of TNFS  

The dependence of electrical resistance of Ti-5553 on temperature during heating is shown in Figure 3. An 

initial drop by approximately 5% followed by an increase of electrical resistance is very similar to that observed 

for both previously discussed alloys. Contrary to the other alloys, in which the stability limit of ω phase particles 

manifests itself as a local minimum, this process occurs at a local maximum at about 560 °C for Ti-5553. 

Furthermore, it is observed at much higher relative resistivity compared to Ti-15Mo and LCB. Ti-5553 is much 

less β stabilized than Ti-15Mo and LCB and contains a significant amount of α stabilizing Al. Therefore, α 

phase may form much easier during heating before the ω stability limit is reached. In this alloy, the α phase 

has a significantly larger resistivity than the β phase. In the temperature interval of 560 - 800 °C, the volume 

(°C) (°C) 
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fraction of α continuously decreases which causes a decrease of electrical resistance. The β transus 

temperature of Ti-5553 is about 860 °C which exceeds the limit of the employed apparatus; therefore, we 

cannot observe the final increase of resistance in the pure β phase. Negative dependence of electrical 

resistance above 600 °C was also observed in α + β alloy Ti-6Al-7Nb [12]. 

The main difference in the temperature dependence of electrical resistance of TNFS compared to the 

aforementioned alloys is the initial increase of resistance. High Nb content in metastable β-Ti alloys hinders 

the formation of the ω phase. The increase of resistance from RT to 120 °C might be caused by a low volume 

fraction of ωath phase particles which are more stable in this temperature interval. The inverse shuffle 

transformation ωath → β accompanied by a decrease of electrical resistance may therefore start at higher 

temperatures. The stability limit of the ω phase is detected at 500 °C. Above this temperature, rapid formation 

of α phase particles manifests itself as another local maximum at 600 °C, similar to LCB alloy.  

The temperature dependence of electrical resistance of TNTZ alloy looks very different as it can be seen in 
Figure 5. The addition of Zr very effectively inhibits the formation of ωath phase particles upon quenching, as 

reported by Pang et al. [13]. Due to the absence of ω particles, the initial decrease of electrical resistance 

observed in the previously discussed alloys and caused by partial dissolution of these particles is not detected 

in the case of TNTZ alloy. Electrical resistivity of TNTZ increases continuously with increasing temperature as 

the dominant effect is classical phonon scattering which increases with temperature. 

 

Figure 5 Evolution of electrical resistivity of TNTZ 

4. CONCLUSION 

Phase transformations in metastable β-Ti alloys occurring during heating were studied using in-situ 

measurement of electrical resistance. Temperature dependences of electrical resistance of selected alloys 

exhibit very complex behavior. In certain temperature intervals, phase transformations in these materials result 

in inversion of common increasing trend of this dependence. Large number of tiny ω phase particles in these 

alloys severely affects the periodicity of the crystal lattice and reduces the mean free path of conduction 

electrons. Therefore, any change of these particles has a significant effect on electrical resistance of the 

material. In-situ electrical resistance measurement proved to be an ideal tool for studying phase 

transformations and their kinetics in metastable β-Ti alloys. It is a simple and very straightforward method 

which could help to design thermal treatment regime to achieve desired properties of these class of materials 

by modification of morphology and volume fraction of individual phases. 
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Abstract  

Anomalous X-ray diffraction measurements were performed on a metastable β titanium alloy (Ti-15 wt% Mo) 

containing thermodynamically metastable ω phase particles. The dependence of diffracted intensity on primary 

beam energy was measured for selected ω and β diffraction maxima for energies near the MoK absorption 

edge (20.0 keV). The main focus of the paper is the interpretation of diffuse scattering around the measured 

β peak. A simulation which qualitatively interprets the observed phenomenon is presented. The proposed 

model shows that elastic deformation of the β matrix results from both the difference in specific volumes of ω 

and β phases and a “cloud” of higher Mo content around each ω particle. 

Keywords: Metastable β titanium alloys, phase transformations, ω phase, anomalous X-ray diffraction 

1. INTRODUCTION 

Titanium alloys are a versatile group of materials which can be employed in a number of branches of industry 

and technology. Due to their outstanding physical properties, such as high specific strength, good corrosion 

resistance and biocompatibility, metastable β titanium alloys are widely used especially in aerospace and 

chemical industry, deep-sea drilling, architecture, sport and medicine [1]. Pure titanium is an allotropic material 

which undergoes a phase transformation at 882 °C from the low-temperature α phase (hexagonal close-

packed structure) to the high-temperature β phase (body-centred cubic). Additions of alloying elements can 

alter the transition temperature (so-called β-transus) and change the stability ranges of each phase. In the 

following, we will be interested in β-stabilizing elements (e.g. Mo, Fe, V, Nb), which lower the β-transus 

temperature, effectively widening the stability range of the high-temperature β phase. When the β-stabilizer 

concentration is high enough, the β phase can be retained upon quenching to room temperature in a 

metastable state [2]. Such alloys are called metastable β titanium alloys and they provide diverse mechanical 

properties which can be tailored to a specific application by thermo-mechanical treatment [3-5].  

Moreover, new phases can form in the metastable β titanium matrix when certain types and amounts of alloying 

elements are added. One of the most studied and still not fully understood metastable phases forming in 

metastable β titanium alloys is the ω phase. ω phase is observed as a very fine distribution of ellipsoidal or 

cuboidal particles whose size typically ranges from a few nm to a few tens of nm [6,7]. These particles have a 

hexagonal structure and are coherent with the parent β matrix [6]. It was also reported that ω particles are in 

the β matrix spatially weakly ordered in a cubic lattice with axes along 〈100〉β directions [8]. ω phase forms 

during quenching of the alloy by a diffusionless displacive mechanism which can be described as alternating 

between collapse of two neighbouring (111)β planes into their intermediate position and leaving the next (111)β 

plane unchanged [9]. This mechanism produces the hexagonal structure of the ω phase from the bcc β matrix 

[10]. This transformation is reversible and cannot be suppressed even by extremely fast quenching rates [11]. 

Due to the nature of this transformation, a specific orientation relationship exists between the β and ω phases 

[12], namely (0001)ω || (111)β and [11-20]ω || [011]β. Due to the fact that there are four variants of cubic (111)β 

planes, there are also four “families” of omega phase particles having a different crystallographic and 

morphological orientations with respect to the parent β phase. During ageing at low temperatures, typically in 
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the range of 200 °C - 450 °C, ω particles further evolve by a diffusion-assisted, displacement-controlled 

process [13,14]. This transformation is accompanied by rejection of alloying elements from the ω phase to the 

β matrix [15]. It was found that a shell of higher solute content forms around ω particles [16]. However, the 

evolution of chemical composition of ω particles during ageing is still the subject of discussion. The first 

estimation of ω phase composition was done by Hickman using transmission electron microscopy [17,18]. The 

chemical composition of ω particles was studied in aged specimens of Ti-10V2Fe-3Al alloy by the means of 

a one-dimensional atom probe [19]. More recent research involving three-dimensional atom probe tomography 

investigated chemical composition of ω phase particles in Ti-Mo [15, 16], Ti-5Al-5Mo-5V-5Cr [20] and Ti-5Al-

5Mo-5V2Cr-1Fe alloys [21]. 

2. MATERIAL AND EXPERIMENTAL METHODS 

In this study, the evolution of ω phase particles during ageing in Ti-15 wt.% Mo (Ti-8 at.% Mo) was investigated 

using anomalous X-ray diffraction (AXRD). This technique makes use of anomalous dependence of diffracted 

intensity on photon energy in the vicinity of an absorption edge of an element present in the investigated 

sample. Near the absorption edge, the atomic scattering factor 0f  is modified by a complex dispersion 

correction 

( ) ),()(0 EfiEfqff ′′+′+=
�

                                                                                                                                 (1) 

where f ′  and f ′′  are the real and imaginary parts of the anomalous dispersion correction, respectively. 

For this investigation, single crystals of Ti-15Mo alloy were grown in an optical floating zone furnace. Details 

of the technique of single crystal growth of metastable β titanium alloys can be found in [22]. Single crystal 

ingots were solution treated at 860 °C for 4 h in an evacuated quartz tube and subsequently quenched in 

water. The orientation of the single crystal was determined using Laue back-reflection method (Photonic 

Science Laue X-ray System) and the OrientExpress software [23]. Disc-shaped samples were cut from the Ti-

15Mo single crystal and aged in salt baths, which prevented contamination of the alloy by oxygen. The ageing 

treatment was terminated by water quenching. The samples were polished using standard metallographic 

procedures employing SiC papers; a vibratory polisher was used in the final polishing step.  

The AXRD experiment was carried out at a dedicated anomalous diffraction and scattering beamline BM02, 

ESRF, Grenoble, France. The measured energies were in the range of 19.6 keV - 20.6 keV, i.e. in the vicinity 

of the MoK absorption edge (at 20.0 keV). The sample was mounted on a kappa geometry (four-circle) 

diffractometer. In order to minimize scattering of the X-ray beam by air, both the incident and diffracted beam 

path led through evacuated tubes. The diffracted intensity was detected by a 2D detector IMXPAD S70. 

3. RESULTS AND DISCUSSION 

In this experiment, the dependence of diffracted intensity on the primary beam energy was measured for 

selected β and ω diffraction maxima. In particular, (44-82)ω and (006)β maxima were investigated. Examples 

of detector images showing these diffraction peaks are shown in Figure 1 (the two vertical lines with no 

intensity arise from masking the region of partial overlap of detector chips). In this as well as in the following 

figures, we used the reciprocal-space coordinates qx and qy of the reciprocal-space vector defined with respect 

to the reciprocal-lattice point q = Kf - Ki - h ≡ Q - h, where Ki,f are the wave vectors of the primary and scattered 

waves, Q is the scattering vector, and h is the reciprocal-lattice vector. The qx,y coordinates lie in the detector 

plane perpendicular to Kf. 
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Figure 1 Examples of (a) (44-82)ω and (b) (006)β diffraction peaks for single crystal of Ti-15Mo aged at 

370°C for 64 h 

The (44-82)ω maximum, see Figure 1(a), exhibits an ellipsoidal shape which is caused by the ellipsoidal shape 

of ω particles. It was previously shown that these diffuse maxima arising from the ω phase can be directly 

related to the size and shape of ω particles in the material [24]. The following discussion will focus on the 

evolution of the β diffraction peak and the diffuse scattering in its vicinity. The (006)β diffraction peak contains 
sharp and broad components, see Figure 1(b). The sharp “coherent” maximum (near the origin of the 

reciprocal space) stems from the undisturbed part of the sample volume, and its width is entirely determined 

by the resolution of the experimental setup. The broad component is caused by diffuse scattering from the 

contrast of the structure factors of the ω particles and the β matrix (chemical contrast), as well as from the 

elastic displacement field around the particles, and possibly from other structural defects present in the sample. 

In the following, we will analyse the diffuse scattering around the (006)β diffraction peak in detail. In order to 

discriminate the influence of the chemical contrast from the elastic strain, we measured the energy 
dependence of diffuse scattering around the MoK absorption edge. In Figure 2 we plotted the energy 

dependence of diffuse scattering obtained from various rectangular ranges of interest (ROIs) depicted as black 
squares in Figure 2(a). Figure 2(b) demonstrates that the energy profiles of various ROIs substantially differ. 

In particular, the ROIs 1-4 situated at negative qy exhibit a sharp maximum at the energy just below the 

absorption edge, while the other ROIs (5-8) show round profiles in this energy range. 

 
Figure 2 Dependence of intensity on primary beam energy for different ROIs 

In this paper we present only a qualitative explanation of this interesting phenomenon, a detailed comparison 

of the measured and simulated data will be subject of a future publication. We show that this effect is a proof 
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of presence of (i) a “cloud” of enhanced Mo concentration around each ω particle, and (ii) an elastic strain field 

resulting from a difference in specific volumes of ω and β phases.  

The simulation of diffuse scattering is based on standard theory of diffuse scattering yielding the following 

“master formula” for diffusely scattered intensity [25, 26] 

[ ],)(),()(,)()( matrix)(32
EeErerdqqnAqI

h

ruhi

h

rqi

hhh
�

���

�

��

���
�����

χχ −=ΨΨ= ⋅−⋅−∫                               (2) 

where n is the number density of ω particles, A is a constant containing, among others, the intensity of the 

primary wave and the polarization factor, )(ru
��

 is the displacement field around an ω particle, ),( Er
h

�
�χ  is the 

polarizability of an ω particle and the Mo cloud around it, and )(matrix E
h
�χ  is the polarizability of the β matrix. 

The polarizabilities depend on the energy E. The former is proportional to the weighted average of the Ti and 

Mo atomic form factors (and hence it depends on the local Mo concertation )(Mo rc
�

in a Mo-rich cloud around 

a particle), while the latter is assumed position-independent and it contains the average Mo content c in the 

β matrix. The values of atomic form-factors were taken from [27]. 

We calculated the displacement field )(ru
��

 around an ω particle using the approach of elastic Green 

function [24] assuming that the particles are elongated in the respective [111]β ≡ [0001]ω crystallographic 

directions, and that they deform the surrounding lattice; the density of volume force acting on the surrounding 

matrix depends on the lattice ω/β misfits ||,⊥f  across and along the [0001]ω particle axis. A Mo-rich cloud 

represents another source of deformation; we assumed that the Mo concentration depends exponentially on 

the distance from the particle centre: .exp)()( matrixmatrix0Mo c
r

ccrc +







−−=

ξ
 The value of Mo/Ti mismatch from 

[28] was used. 

In the following figures we present typical simulation results and draw qualitative conclusions from comparison 

with experimental data. In all figures we assumed ,08.0matrix =c  which corresponds to the nominal Mo 

concentration (it at.%) in investigated samples. Figure 3 presents the simulated detector image and the energy 

dependences of chosen ROI signals calculated for spherical ω particles with radius R = 6 nm without any Mo 

cloud and with no elastic deformation around them. From the figure it is obvious that the energy dependent 
ROI signals are almost identical and the experimental finding in Figure 2 (i.e. differing energy dependences 

of integrated intensities in different ROIs) cannot be reproduced. 

 
Figure 3 (a) Simulated detector image and (b) energy dependences of ROI signals calculated for spherical 

particles without a Mo cloud and without elastic deformation (the curves are shifted vertically for clarity) 
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Figure 4 (a) Simulated detector image and (b) energy dependences of ROI signals calculated for spherical 

particles with Mo cloud, no elastic deformation is taken into account 

 
Figure 5 (a) Simulated detector image and (b) energy dependences of ROI signals calculated for ellipsoidal 

particles, elastic deformation from the Mo cloud is included 

 
Figure 6 (a) Simulated detector image and (b) energy dependences of ROI signals calculated for ellipsoidal 

particles, elastic deformation from the Mo cloud as well as from ω particles is included 
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In Figure 4, the simulation results assuming spherical particles of the same size, however accompanied with 

a Mo cloud with the parameters 1,2.00 == ξc  are presented. The detector image is almost identical with that 

in Figure 3, the ROI signals are slightly different, but they are not consistent (at least qualitatively) with the 

experimental data. A slight improvement was achieved by considering an ellipsoidal shape of ω particles (half-

axes of the prolate ellipsoid being 4 and 6 nm) and the elastic strains originating from the Mo cloud, see  
Figure 5. Figure 6 was obtained by including the elastic strains from the Mo cloud and from the ω particle 

itself into the simulation; for the calculation of the latter we used the mismatch values of .01.0|| == ⊥ff  

4. CONCLUSION 

In this study, the simulations of anomalous X-ray diffraction measurements performed on Ti-15Mo alloy in the 

vicinity of the MoK absorption edge (20.0 keV) were presented. In particular, the main focus was on diffuse 

scattering around the (006)β diffraction maximum. It was shown that the best qualitative agreement with 

experimental data is achieved when (i) ellipsoidal ω particles are considered, (ii) a “cloud” of higher Mo 

concentration is present around ω particles and this cloud elastically deforms the β matrix, and (iii) elastic 

deformation of the β matrix due to ω lattice mismatch is included. It should be noted that a complete agreement 

with experimental data has not yet been reached; however, the model is in principle able to capture qualitatively 

the behaviour of diffuse scattering around the β diffraction peak. 
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Abstract 

Ti-6Al-4V alloy is mostly used for dental and hard tissue implants, due to its high strength to weight ratio, high 

corrosion resistance, and relatively low elastic modulus. However, apart from health concerns of V ions release 

and higher Young’s modulus (~120 GPa) than human bone (~30 GPa), recent research indicates day-to-day 

cyclic loading instead of a single-load event such as a fall, might be the consequence of inherent stiffness of 

fixation implants. In this study, Ti-6Mo-4Zr-xSn (at.%) alloy with pliable quality was developed and fabricated 

to efficiently avoid the potential hazards of fragility fracture and spinal spurs that pinch the spinal cord or its 

nerve roots and can cause weakness or numbness in the arms or legs-has been a long-term clinical quest.  

The evidence of its bone matching modulus, pliable mechanical behavior, excellent wear, corrosion and 

cytotoxicity properties are desirable potentials for future clinical therapy. 

Keywords: Alloy design, titanium alloys, electrochemical properties, young’s modulus, biomaterials 

1. INTRODUCTION 

Biomaterials research has attracted great attention owing to the increasing economic development leading to 

improved living standard, and attended consequences, such as increased number of senile aged people who, 

due to degenerative diseases such as arthritis, may need medical assistance in maintaining their convenience 

of mobility, increased volume of transportation in terms of the number of cars and associated traffic accidents, 

and increased amount of leisure time channeled to sports that have a higher than average risk of injuries. All 

these require orthopaedic surgeries and cause increased consumption of biomedical materials [1]. Although, 

some of the medical devices have been used in clinical practice over several decades, and most perform 

satisfactorily, which have significantly improved the qualities of life for the recipients, nonetheless, some of 

these them have a failure rate due to various problems, such as biocompatibility, stress shielding effect and 

corrosion resistance, at the moment, the relative low strength. Ti and the higher strength Ti-6Al-4V are the 

most prevalent titanium alloy for dentistry and in load bearing orthopaedic applications [1-3], respectively. 

However associated concerns about structural integrity and biocompatibility, has been identified as a major 

hurdles to the success of these implant materials [4-6]. For instance, low strength, poor machinability and poor 

wear resistance of cp-Ti restricts its use for high load application; high elastic modulus (110 GPa) of Ti-6Al-4V 

alloys when compared to human bone (~30 GPa) leads to stress shielding and bone spurs complication after 

most implant replacement surgery. There are also health concerns due to vanadium as well aluminum ions 

release, for which neurological side-effects [3], and genotoxic effects [7] have been reported in Ti-6Al-4V on 

the long term [1, 8-9].  

For the above, Zr and Sn elements identified as being non-toxic and non-allergic, when compared with Ta [7], 

Al [9], V, Co, Ni, Cu or Nb [3] in the design of biocompatible Ti alloys) were exploited to facilitate the design of 

a novel low rigidity biocompatible Ti-alloys, with unusual cyclic loading behavior for dental and hard tissues 

implants. Considering the fact that human body environment as an extremely complicated electrolyte, which 

contains many erosive species that specially facilitated the electrochemical mechanisms of corrosion and 
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hydrolysis, the corrosion performance of any biomaterial to be used in human body is crucially important. This 

study focuses on the corrosion and wear performance of this newly developed pliable Ti-6Mo-4Zr-7Sn alloy in 

a simulated physiological environment. The result indicate the newly developed β titanium (Ti-6Mo-4Zr-7Sn) 

alloy have better electrochemical and wear behavior hen compared to Ti-6Al-4V alloy. 

2. EXPERIMENTAL  

2.1. Materials and procedures 

The designed ingots were fabricated from commercially pure Ti, Mo, Zr and Sn metals of high quality (~99.97.% 

purity) by vacuum electric arc-melting method. The temperature of the electric arc is about 3000.°C, while the 

melt was at the centre has a peak temperature of 1830-1850 °C in order to assure complete dissolution of the 

Ti, Mo and Zr elements. The electric arc method provided an intense stirring effect, but to ensure good 

standard, the ingots (30 g) were inverted and remelted at least four times to ensure an optimal chemical and 

structural homogeneity, before casting into cylindrical rods 40 mm x 8 mm for length and diameter. The 

compositions of the resulting ingots were analysed by inductively coupled plasma atomic emission 

spectrometry (ICP-AES) at the lab of Metallurgical and Materials Engineering, University of Nigeria, Nsukka, 

(atomic percent are used here and throughout the text unless otherwise specified). The results are presented 
in Table 1. 

Table 1 Alloy composition (at.%) 

Alloy/elements Mo Zr Sn C Nb Al Si O V Ti 

Ti-6Mo 5.98 - - 0.018 0.001` 0.02 0.004 0.010 - balance 

Ti-6Mo-Zr-Sn 5.98 3.96 1.99 0.018 0.001` - 0.004 0.010 - balance 

Ti-6Al-4V - - - - - 5.98 - - 4 balance 

2.2. Microstructure observation and mechanical behaviour 

The microstructural characterization was investigated by scanning electron microscopy (SEM) after using 

standard metallographic techniques and then etched in Krol’s reagents (3 ml HF, 6 ml HNO3 and 100 ml H2O). 

The tensile tests were carried out on an Olsen 8500 series testing machine, using “Dog-bone” specimens, 

which has be machined cut by wire spark erosion resulting in a strain gauge with dimensions 25.mm × 5 mm 

×1 mm. A series of such dog-bone specimens was cycled under load control for 3 cycles, using an Olsen 

Tensile/Compression Module equipped with a 10 kN load-cell, between 0 and 2700 N (i.e. 0-550 MPa) with 10 

mm/sloading/unloading rate. The load was measured by the load cell and the specimen's elongation was 

recorded by the company-calibrated elongation gauge (according to ASTM D882-11). 

2.3. Evaluation of electrochemical behaviour 

Electrochemical experiments were conducted in a three-electrode (CH instrument 660D) glass cell, the working 

electrode area of ~10 mm2, a platinum counter electrode and the Ag/AgCl as a reference electrode. Working 

electrolyte was ~50 ml of unstirred naturally aerated Hank’s balanced physiological solution, with a subsequent 

NaHCO3 addition (details of Hank’s composition has been discussed elsewhere [7], maintained at 37±1 °C. 

Before the potentiodynamic studies, cathodic treatment was carried out at -0.9 V for 600 s in order to remove 

any oxide films present on the surface of each specimen. The measurements were performed using the 

potentiostat (model VersaSTAT 4). Potentiodynamic polarization scan was performed on the samples at the 

rate of 0.335 mV/s in the potential range of -1 to 2 V vs SCE, and a step size of 1 mV, after reaching a steady 

state. To ensure good standard, the experiment was repeated for three times with different samples after 
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polishing using waterproof emery papers before each test and undertaken in stirred solution maintained at 

37±1 °C (i.e. normal body temperature) and pH of 7.4. 

3. RESULTS AND DISCUSSION 

3.1. Evaluation of chemical and microstructure analyses 

The average values of the compositional analyses determined by XRF and EDX techniques are presented in 
Table 1. The results show that the actual chemical composition of the alloys is close to their nominal values 

and agree with ASTM F-67. As can be seen, all the alloys are within (±1 %) variance when the experimental 

and nominal values are compared. The chemical composition of the alloys was homogeneous and no 

expressive differences were found between the bulk and surface of the samples, which indicates a good 

homogenization of the studied alloys. Typical SEM microstructures of the new Ti-6Mo-4Zr-2Sn alloys 
(Figure 1b) along with the initial Ti-6Mo sample, is shown in Figure 1. Figure 1(a) is the microstructure of the 

initial Ti-6Mo alloy, consisting of mainly large equiaxed β grains with a size of about 231±79 μm in diameter. 

Also a significant amount of different sizes of acicular martensitic α´´+β structure can be distinguished in the 

alloy. In contrast to the large grain sizes observed in the initial Ti-6Mo alloy, it is evident from the alloyed 
microstructures (Figure 1) that significant microstructural sensitivity was apparent with Zr and Sn micro-

additions to the alloy. 

 

Figure 1 SEM microstructure of the studied alloys (a) binary Ti-6Mo alloy,  

(b) multicomponent Ti-6Mo-4Zr-2Sn alloy 

3.2. Mechanical behavior analyses  

As mentioned in the previous section, ultrasounds technique was employed for determining the elastic 

modulus: In comparison to the strain gauge measurement, the ultrasound tests showed small elastic moduli 

values of 52 GPa and 79GPa for Ti-6Mo-4Zr-2Sn and Ti-6Mo alloy samples, respectively, with an estimated 

error of ±3 %, while the former indicated 60 GPa; and 76 GPa, respectively. The relationship of the shape 
recovery ratio (pliability) and the elastic strain of the Ti-6Mo-4Zr-2Sn is shown in Figure 2. Just like other 

SMAs, the recovery ratio decreases with the increasing of the pre-strain, but spectacularly improved better 

than most Ti alloys when the strain is up to 2 %, the specimens can completely recover to the original shape, 

and after more than 20 times deformation cycling, the recovery ratio is still more than 6 %. 

 

10μm 

(a) (b) 

10μm 
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Figure 2 Pliable behaviour of the new Ti-6Mo-4Zr-2Sn-multicomponent alloy 

3.3. Potentiodynamic polarization 

On Figure 3 is the potentiodynamic 

anodic polarization curves for the new 

alloy in comparison with the mostly used 

Ti-6Al-4V alloy, with respect to a 

saturated calomel electrode in naturally 

aerated Ringer’s solution at 37 °C. The 

continuity, stability, and intensity of the 

passive Ti oxide film are analyzed by this 
technique. As can be seen from Figure 3 

and compared with cp-Ti and Ti-6-4 in 
Table 2, the polarization curves obtained 

for the two alloy samples show a typical 

active-passive characterization, a rising 

anodic current with increasing potential, 

and then transforming directly into the 

passive area from the Tafel curves. 

Figure 3 The current density of the new Ti-6Mo-4Zr-2Sn 

alloy compared with Ti-6Al-6V alloy in a Ringer’s solution at 

37 °C temperature for 1 hour 
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Table 2 Corrosion parameters (and standard deviation values) as determined from the potentiodynamic  

   polarization analyses  

Alloy The corrosion parameters (and standard deviation values) of the new alloy compared with cp-Ti, Ti-
6Al-4V alloys 

Ecorr (VSCE) jcorr (μΑ·cm-2) jpass (μΑ·cm-2) Reference 

cp-Ti -0.33 (0.021) 0.33 (0.07) 2.17 (0.04) [6] 

Ti-6Al-4V -0.327 (-) 0.326 (-) 0.323 (-) This work 

Ti-6Mo-Zr-Sn -0.301 (0.021) 0.214 (0.07) 1.9 (0.05) This work 

4. CONCLUSIONS 

A new low elastic modulus pliable β-type Ti-6Mo-4Zr-2Sn alloy is presented in this study. The microstructure, 

mechanical properties, and corrosion resistance of this newly developed Ti alloy are characterized and the 

main results are summarized as follows: 

i. The present study shows that Zr and Sn micro-addition to binary Ti-6Mo alloy led to microstructural 

refinement and tremendous reduction of elastic modulus to bone matching values of 40.8GPa based on 

the ultrasound measurement. This is very remarkable, with respect to the use of metallic biomaterial for 

orthopaedic implant applications. 

ii. Although further studies may be considered, the outcome of the mechanical, biocompatibility and 

electrochemical tests show that this new Ti-6Mo-4Zr-2Sn can be a more favourable candidate for some 

biomedical applications than the commonly used biomaterials alloys 
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Abstract 

Multi-component alloys containing at least five elements in equimolar or near equimolar ratio are commonly 

known as High-Entropy Alloys. Despite the complex chemical composition, with the fulfilment of specific 

thermodynamic parameters, they are characterized by the existence of simple phases. During designing 

process of such materials VEC (Valance Electron Concentration) parameter is commonly used to predict the 

crystallographic structure of the alloy. Calculations are based on the percentage of individual elements and 

the number of each valence electron. Research presents the effect of chromium addition on the structure and 

microstructure of alloys from Al-Ti-Co-Ni-Fe-(Cr) system. The assumption is, that the addition of chromium will 

lower the value of the VEC parameter, and will results in the transition from FCC structure to FCC + BCC 

structure. Such crystallographic change should additionally lead to significant changes in the properties of 

these alloys, e.g. by hardness increasing. 

Keywords: High-Entropy Alloys, VEC parameter, structure, microstructure 

1. INTRODUCTION 

High-entropy alloys belongs to the group of multiprincipal element alloys that are composed of at least five 

elements of 5 to 35 atomic pct. [1-3]. That kind of materials are characterised by several so called high entropy 

effects that are responsible for unique properties like: high hardness, thermal resistance, abrasion resistance 

and other [4-6]. One of the most interesting features results straightly from chemical composition of high-

entropy alloys - despite of multicomponent composition HEA forms simple phases like face centered cubic 

(FCC) and body centered cubic (BCC) or both (FCC+FCC) [2,7-10]. Determining of crystallographic structure 

of high-entropy alloys is possible due to theoretical calculation of valance electron concentration parameter 

(VEC) and another thermodynamic factors like: mixing enthalpy or mixing entropy [11,12]. Phase composition 

could be calculated by given formula: VEC=Σci (VEC)i, where ci - mole fraction of each element and (VEC)i - 

number of valance electrons of each element. One-phase structures could be obtained for systems that fulfil 

all thermodynamic parameters and calculated value of VEC is lower than 6.88 (BCC) or higher than 8.00 

(FCC). For values in the range of 6.89 to 7.99 both FCC and BCC phases coexists together [13]. Apart of 

configuration entropy the VEC parameter is most commonly used in designing of high-entropy alloys. Forming 

of solid state solutions depends on thermodynamic factors like: (1) mixing enthalpy (∆Hmix), (2) parameter δ 

that refer to differences between average atomic size of particular elements, (3) parameter Ω that compare 

configuration entropy ∆Smix, mixing enthalpy ∆Hmix and melting temperature Tm of whole alloy Ω = 

Tm·∆Smix)/∆Hmix. Optimal values of presented factors are following: ΔHmix in the range of -15 to 5 kJ/mol, δ 
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below 6,6% and Ω above 1,1 [14,15]. More complex analysis of influence of thermodynamic parameters on 

microstructure and structure of high-entropy alloys could be find in our other works (see [16]).  

The main aim of presented work was the analysis of influence of increasing content of chromium in Al-Ti-Co-

Ni-Fe-(Cr) system on their hardness and structure and microstructure. Obtained results were compared with 

theoretical assumptions. 

2. EXPERIMENTAL 

Investigated alloys were obtained using Arc Melting method (Arc Melter AM - Edmund Bühler GmbH) on water 

cold copper mould under argon atmosphere. Ingots were re-melted at least five times to ensure homogeneous 

distribution of elements in whole value of ingots. For synthesis only pure elements were used (at least 99.999 

weight pct. purity). Subsequently samples were annealed for 20 h in 1100 °C in order to obtain chemical 

homogeneity. For microscopic (SEM - FEI Versa 3D with EDAX EDS) investigations samples were prepared 

using standard metallographic preparation. Alloys were also investigated by the use of X-ray powder diffraction 

(Panalytical Empyrean). Hardness measurements (Wilson Tukon 2500 Knoop/Vickers Automated Hardness 

Tester) were made using Vickers intender and 9.806 N force (HV1). 

3. RESULTS AND DISCUSSION 

Nominal chemical compositions of investigated alloys are presented in Table 1 and calculation of 

thermodynamic parameters of each alloy is presented in Table 2. According to presented values it should be 

pointed that all investigated alloys fulfil all conditions for forming of simple solid solutions. Calculated values of 

parameter VEC suggests that Alloys 1 and 2 should be characterized by forming of FCC phase while Alloys 

3, 4 and 5 should be characterized by coexisted FCC and BCC phases. It should be noted, that increasing 

quantity of chromium results in decreasing of VEC value and forming BCC and FCC phases instead of single 

phase solid solution. 

Table 1 Nominal chemical composition of  

             investigated alloys (at.%) 

 Al Ti Co Ni Fe Cr 

Alloy 1 5 5 35 35 20 ― 

Alloy 2 5 5 30 30 20 10 

Alloy 3 5 5 20 30 20 20 

Alloy 4 5 5 30 20 20 20 

Alloy 5 5 5 20 20 20 30 
 

Table 2 Thermodynamics factors of investigated  

              alloys  

 VEC 

(-) 

∆Hmix 

(kJ/mol) 

∆Smix 

(J/mol·K) 

δ 

(%) 

Ω 

(-) 

Alloy 1 8.60 -9.54 11.27 4.76 2.04 

Alloy 2 8.25 -10.12 13.08 4.77 2.28 

Alloy 3 7.95 -10.52 13.52 4.78 2.31 

Alloy 4 7.85 -10.00 13.52 4.77 2.44 

Alloy 5 7.55 -9.96 13.52 4.78 2.50 
 

SEM Analysis micrographs of investigated alloys allow to notice, that Alloys 1, 2 and 3 (Figures 1 A-C) are 

characterized by big, homogeneous grains. Those conclusions are proved also by EDS investigations  

(Figures 3-5). Despite the complex chemical composition (at least 5 principal elements) it is possible to 

obtained simple solid solutions.  
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◄Figure 1 SEM micrographs of investigated alloys: A - Alloy 1,  

B - Alloy 2, C - Alloy 3, D - Alloy 4, E - Alloy 5. 

Coexistence of additional phases is clearly noticeable at images 
presented for Alloys 4 and 5 (Figures 1D and 1E). Darker areas 

visible in Figure 2A (Alloy 4) could be assigned as BCC phase 

and lighter areas inside darker one could be assigned as FCC’ 

phases. That phase (FCC’) probably precipitate during heat 

treatment of investigated alloy. Forming of additional phases 

causes the separation of elements between phases. Lighter areas 

- matrix (FCC and FCC’) are enriched in chromium and iron, while 

darker areas (BCC) are enriched in aluminium, titanium and 

slightly in nickel. Cobalt is evenly distributed. Analysis of element 

distribution and possibilities of their mutual substitution allow 

determining of possible crystallographic structures of each 

investigated phase. Coexistence of two simple phases proves the 

theoretical calculations of VEC value and other thermodynamic 

parameters. 

More complex microstructure could be observed in the 
micrographs obtained for Alloy 5 (Figure 2B). Darker areas visible 

in images could be assigned as BCC phases, lighter areas as 

FCC’ precipitates inside FCC matrix. Analysis of microstructure of 
Alloy 5 in comparison with EDS measurements (Figure 7) allows 

to observe additional very light areas enriched only in chromium. 

That additional phase was not predicted by calculations of VEC 

parameter. Similarly to Alloy 4 darker phases (BCC) are enriched 

by aluminium, titanium and slightly in nickel. Lighter matrix is 

enriched in iron. Cobalt is homogenously distributed over area, 

excluding additional phase enriched by chromium. It should be 

noted that additional phase could be assigned as BCC phase, 

because of well-know ability to create BCC structure in high-

entropy systems by chromium. This ability results from low value 

of VEC parameter (VECCr=6). Change of synthesis parameters or 

synthesis methods could prevent forming of additional phases not 

predicted by theoretical calculations. Powder metallurgy combined 

with suitable heat treatment seems to be promising method of 

synthesis of high-entropy alloys that contain chromium [17]. 

Separation of chromium occurs during crystallization when excess 

of that element is pushed to the front of the crystallization, which 

probably results from exceeding the solubility limit of chromium 

that could be dissolved in proposed element system. 

XRD patterns obtained for investigated alloys (Figure 8) shows 

that all alloys are characterised by occurrence of only one phase 

(FCC), what is a proper observation for Alloys 1, 2 and 3. In a case 

of Alloys 4 and 5 microstructure consists of FCC matrix and 

additional phases (BCC and Cr-rich), that were not observed at diffractograms. Additional phases could be 

observed by use of more sensitive methods like TEM (planned for the future investigation). 
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Figure 2 SEM - magnification of selected areas for A - Alloy 4 and B - Alloy 5 

 

Figure 3 EDS map for Alloy 1 

  

Figure 4 EDS map for Alloy 2 Figure 5 EDS map for Alloy 3 

  

Figure 6 EDS map for Alloy 4 Figure 7 EDS map for Alloy 5 

Results of hardness measurements are presented in Table 3. It could be noted, that Alloys 4 and 5, despite 

of occurrence of BCC phases, are not characterized by increase of hardness in comparison with other alloys. 

Furthermore, for Alloy 5 decrease of average hardness is clearly noticeable. Obtained results can be explained 

by inhomogeneous distribution of additional BCC phases in FCC matrix. Standard deviation of obtained values 

calculated for Alloys 2 and 3 results from huge diversity of grain size what results from Arc Melting method. 

Areas close to copper mould are characterised by smaller grains size what indicate faster crystallization. 

Smaller grains are characterized by higher hardness because of larger volume of grain boundaries, which are 

natural barrier for plastic deformation. That effect could be changed by plastic deformation with subsequent 

heat treatment that leads to homogenisation of grain size. Most interesting values of hardness measurements 
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were obtained for Alloy 5 - occurrence of Cr-rich phase causes inhomogeneous dispersion of that element, 

what indicate reducing the effect of solution strengthening in the material.  

 

Table 3 Hardness of investigated alloys 

Alloy 1 370 ± 10 HV1 

Alloy 2 350 ± 20 HV1 

Alloy 3 360 ± 30 HV1 

Alloy 4 360 ± 15 HV1 

Alloy 5 330 ± 10 HV1 

 

 

Figure 8 XRD patterns of investigated alloys  

4. CONCLUSIONS 

Analysis of obtained results allowed conclude that: 

1) Alloy 1, 2, 3 and 4 are characterized by occurrence of simple phases like FCC or FCC+BCC (FCC as 

matrix). 

2) Heat treatment of Alloys 1, 2 and 3 allow obtaining fully homogenous dispersion of elements in whole 

material. 

3) In the case of Alloy 4 and 5 during heat treatment additional phases are formed - BCC excretions in 

FCC matrix. 

4) Theoretical calculations of parameter VEC for Alloy 3 suggest coexisting of mixture of BCC and FCC 

phases, but investigations indicate occurrence of only one phase - FCC. 

5) Despite of occurrence of BCC and FCC in Alloys 4 and 5 the hardness of these materials not increase 

because of formation of areas enriched by chromium. 

6) Alloy 5 is characterized by occurrence of Cr-rich phase that were not predicted by theoretical 

calculations.  
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Abstract 

The research problem focuses on the wires made of aluminum alloys acquired in the wire drawing process of 

the wire rod obtained using the Continuus Properzi method. The nature of the drawing process generates 

a heterogeneity of strain on the wire cross-section, which results in the formation of internal stresses. The 

result of drawing round wires is a parabolically shaped internal stress distribution: tensile stresses around the 

surface and compressive stresses around the axis of the wire.  

The aim of the work was to empirically determine the distribution of internal stresses in the wires made of 

aluminum alloy EN AW 6101 (AlMgSi) obtained in various conditions. The internal stresses were determined 

through the surface treatment method. In order to achieve that, after proper preparation of the wire samples, 

their surface was pickled using a 50 % NaOH solution. After stabilization of the thermal state, changes in length 

were investigated. Parallel to the internal stress tests, the macroscopic properties were characterized in 

a uniaxial static tensile test. 

Keywords: Internal stresses, residual stresses, wires, AlMgSi alloy, EN AW 6101  

1. INTRODUCTION 

Technological solutions in mechanics often assume the so called natural state of material which means the 

material is theoretically free of any kind of stresses until the external load is imposed. Such assumption is not 

always correct as most processed materials are not free of stresses formed during the previous working 

process, heat treatment, surface treatment or even assembly. Stresses occur within even if the material is 

unloaded and such phenomena is called internal stress or own stress [1]. 

Significant part of the aluminum manufactured products obtained during mechanical working are wire rods, 

wires and wire based products. After the cold drawing process is finished the wires usually are not free of 

internal stresses which may reach surprisingly high values. These stresses cause initial effort of metal even 

before any external load is imposed. One must take that into consideration when calculating the resultant value 

of the stress, especially if the internal stress and the external load both have the same mathematical sign. 

When discussing wires one must know that the tensile stresses which occur at the surface have the plus sign 

and must be summed with the external load, however, the compression stresses which occur at the centre of 

the wire have a minus sign and therefore reduce the resultant value of the stress. The combination of the 

internal tensile stresses and fatigue of the overhead cables may cause cracking due to the static tension and 

the dynamic bending caused by aeolian vibration [2]. 

Figure 1 presents the classification of the internal stresses formulated by Lebedev. This work focuses on the 

internal stresses that occur as a result of mechanical working when the elastic limit of the processed material 

is exceeded which Lebedev defines as residual ductile stress [1]. Currently there are no studies connected 

to the internal stresses related to EN AW 6101 aluminum alloy wires dedicated for power cables. Such wires 

may be subjected to artificial aging after or before drawing. Considering the latter case, the residual stresses 
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are of much significance from the point of view of the functional properties of the wires. An example of the 

application of the Heyn’s method designed to estimate the residual stresses in cold drawn wires and their 

correlation with fatigue can be found, among others in [3]. 

 

Figure 1 The classification of the internal stresses formulated by Lebedev [4] 

The first to apply the mechanical method for measuring the residual stress of cylindrical objects were Martens 

and Heyn in 1912. It was Heyn’s method that was the first to determine the residual stresses using the cutting 

method. It involved the mechanical removal of subsequent outer layers of the wire and measurements 

of changes in diameter and length. This method assumes that if after cutting of the layer, the rod has 

lengthened in relation to the raw wire rod then there were tensile forces formed from the residual stresses in 

the removed layer [1].  

2. OBJECTIVE, PROGRAM, RESEARCH METHODOLOGY  

The aim of the research was to answer the question: what is the degree and distribution of internal residual 

stresses in wires obtained from EN AW 6101 aluminum alloy and how the geometrical parameters of the dies 

applied in the last production sequence influence the amount of the residual stresses. 

During research 4 different dies were used and their geometrical parameters are presented in the Table 1. 

It allowed the author to determine the influence of the die angle and the bearing length on the amount 

of residual stresses in the wires after the drawing process. For this purpose, 4 different wire types with 

a diameter of 3.013 mm were obtained from the EN AW 6101 wire rod under laboratory conditions using 

a drawing machine. All dies along with their diameters and elongation coefficients for each draw are presented 
in Table 2.  

Table 1 Geometrical parameters of dies used during research 

Die number Die angle Bearing length (mm) Diameter (mm) 

1 12° 0.9 3.013 

2 20° 0.9 3.013 

3 20° 0.6 3.013 

4 20° 1.21 3.013 
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Table 2 Initial diameters (do), diameter of the dies (d1) used during research and elongation coefficient (λj)  

  for each draw 

do (mm) 9.5 8.7 8 7.5 6.65 6.05 5.5 4.55 3.8 3.5 

d1 (mm) 8.7 8 7.5 6.65 6.05 5.5 4.55 3.8 3.5 3.013 

λj 1.19 1.18 1.14 1.27 1.21 1.21 1.21 1.19 1.18 1.35 

After the drawing process 200 mm samples were cut from each wire and 25 mm from each end was covered 

with a protective layer of paint to form 150 mm measuring base. The protection was set to prevent the wire 

from being pickled along its length. Separate samples were prepared for the static tensile test which was 

carried out using the testing machine at the speed of 10 mm/min and measuring base of 100 mm. 

The pickling of samples was carried out using 50 % solution of NaOH and its aim was to remove the perimeter 

layer of the wire along the measuring base, which allowed the author to calculate the residual stresses of wire 

samples using equations (1) and (2). The pickling process lasted 15 minutes, after which the wire was pulled 

out from the solution and rinsed under cold water to stabilize its temperature, then its diameter was measured 

using micrometer with an accuracy of 0.001 mm and its length was measured using especially designed 

equipment with an accuracy of 0.0005 mm. After measurements the wire was put back into the solution tank. 

The cycles were repeated 10 times for each wire which means each wire was pickled for 150 minutes. Residual 

stresses were calculated using the equations proposed by Heyn: 
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in which: 
σ1 - stress after the first pickling  

E - Young’s modulus (68 GPa) 

cp - surface area which was not removed after the first pickling 

cu  - surface area which was removed after the first pickling 

ln  - length of the wire after n pickles 

lo - initial length of the wire 
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in which: 
σn - stress after n pickles 

cpn - surface area which was not removed after n pickles 

cun - surface area which was removed after n pickles 

3. STUDY RESULTS AND THEIR ANALYSIS 

Analysis of the values of residual stresses shows the classical nature of their distribution in the wire, which is 

tensile stress in the outer layers and compressive stress in the inner layers of the wire. It is worth noting that 

there was a strong decrease in tensile stresses in a relatively thin subsurface layer. 

On the basis of the conducted research the influence of the die angle and the bearing length on the residual 
stresses was determined. The former comparison is shown in Figure 2 and the latter in Figure 3. 

The stress - strain curves of wires not subjected to pickling process were also analysed in order to determine 

their mechanical properties depending on the die used in the last sequence.  
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Figure 2 The comparison of drawing dies with the same bearing length but different die angle 
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Figure 3 The comparison of drawing dies with different bearing length and the same die angle 

Using Figure 2 it is easy to see that the influence of the die angle is negligible in terms of residual stresses, 

as the difference does not exceed 10 %. In the case of the bearing length the differences are clearly visible. 
From Figure 3 it can be easily read that the values in some cases differ by more than 40 %. The results of the 

research were summarized in Table 3. After the residual stresses went from tensile to compressive they began 

to stabilize which allowed their extrapolation and development of their symmetrical image to the y axis 
presented in Figure 4, illustrating the whole stress course for each of the wires used during research. 

Table 3 The results of the research and conducted calculations for each wire 

Die 
number 

Bearing length 
(mm) 

Die angle  
(°) 

Maximum tensile 
stress (MPa) 

Average 
compressive 
stress (MPa) 

Tensile stress minus 
compressive stress 

(MPa) 

1 0.9 12 226 -26 252 

2 0.9 20 246 -23 269 

3 0.6 20 275 -25 299 

4 1.21 20 165 -19 183 
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Figure 4 The distribution of residual stresses in the wires used during research  

(one diagram representing all wires) 

Using the previously prepared wires which were not subjected to pickling process a static tensile test was 

carried out to determine mechanical properties of each wire. The results of the uniaxial tensile tests were 
summarized in Table 4. 

Table 4 The results obtained from the stress - strain curves of each of the wires 

Die number UTS 

(MPa) 

YS 

(MPa) 

Elongation 

(%) 

1 380 369 4.0 

2 375 361 4.4 

3 362 351 3.8 

4 377 363 4.3 

From the results presented in Table 4 it is clear that the influence of the die’s type on the mechanical properties 

is negligible, the differences in ultimate tensile strength (UTS) and yield strength (YS) do not exceed 5 %. The 

lowest values were obtained for the wire which was drawn through the die number 3 with an angle of 20° and 

bearing length of 0.6 mm which was also the wire that during research had the highest values of residual 

tensile stresses. The maximum tensile stresses occurring at the surface of the wire reach almost 80 % of the 

yield strength value. This is a very high and meaningful value from the operational point of view. 

4. CONCLUSION 

Based on the results of the experimental studies, it can be stated that: 

1) The influence of the angle of the die on the residual ductile stresses both tensile and compressive is 

negligible, the differences in values are at the level of 10 %.  
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2) The influence of the bearing length of the dies on the residual ductile stresses is clear and easy to 

determine as increasing the bearing length from 0.6 mm to 1.21 mm reduced the stress value by more 

than 40 %.  

3) Changing the dies angle or bearing length has no significant effect on the mechanical properties.  
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Abstract 

Presented paper compares fatigue behaviour of alloy AlSi9Cu3 produced by gravity casting and Selective 

Laser Melting (SLM). SLM is one of the additive manufacturing methods. It allows a production of metal parts 

with complicated shape in relatively short time and without big material waste. However the quality of final 

material could be worse than conventionally produced one (e.g. moulded or extruded). 

Acoustic emission (AE) method is used to obtain detailed informations about fatigue behaviour. Compared to 

previous work, the new methods of AE signal analysis is used. This method provides a more detailed AE signal 

analysis, in addition to number of count and events, also takes into account rise time and amplitude of the 

events. So we do not get only a ratio of fatigue stages but also an idea of microstructure changes during 

cyclical loading.  

Main aims of presented study are to compare endurance limit of cast and SLM aluminum alloy using standard 

S-N curves and analyse the fatigue processes using AE method. Both materials were tested in as-cast resp. 

as-built condition without any heat treatment. All samples were subjected to fatigue bending tests in high-cycle 

regime. Result shows that the endurance limit of the SLM material is better than the cast material with a similar 

chemical composition. AE signal analysis shows different ratio of fatigue stages and indicate a different 

mechanism of crack initiation and grow.  

Keywords: Acoustic emission, fatigue, selective laser melting, aluminium alloy 

1. INTRODUCTION 

Additive manufacturing (AM) is one of the most growing fields of production technologies today. Selective laser 

melting (SLM) is one of those technologies that allow the production of metal parts. SLM technology principle 

is on adding of thin material layers of metal powder and their connecting by a focused laser beam. As it is new 

technology, the range of manufactured materials is constantly expanded. The quality of any new material must 

be compared with conventionally produced. It was proved that not every alloy is suitable for SLM technology 

[1]. 

Previous works showed that foundry aluminium (Al) alloy with chemical composition near eutectic. Paper of 

Brandl et al. [2] showed that it is possible to achieve fatigue limit comparable with conventionally produced 

materials. The final quality of the material does not depend on the axis position of the samples on the base 

plate, but it could be significantly improved by T6 heat treatment. 

Bagherifard et al. [3] reached more or less same results in their work. Beside heat treatment, the effect of sand 

blasting and shot peening in order to decrease residual stress was examined. The best result was achieved 

with combination of heat treatment and sand blasting. Fractography analysis showed that main crack was 

initiated by connection of multiple microcracks from the surface or sub-surface defects. 

Defects in SLM materials are descripted in work of Liu et al. [4]. Authors studied alloy Ti6Al4V. Basically three 

types of defects were with common designation “Lack of Fusion” (LOF). The first type was indicated as a clean 
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cavity, the second cavity with unmelted powder particles and the third long shaped cavity with unmelted 

particles.  

All authors agree that fatigue cracks are initiated on the surface or sub-surface production defects. 

Presented paper follows our previous study [1]. SLM materials were subjected to fatigue bending tests with 

acoustic emission records and results were compared with conventionally produced materials (extruded). 

Results showed that fatigue limit of SLM material is much worse than extruded, however, in case of copper 

alloy, the difference were less significant. Acoustic emission records showed three fatigue stages: pre-

initiation, initiation and post-initiation. The difference between SLM and extruded material was observed in 

ration of those stages. Base on this result we decided to continue with foundry aluminium alloy AlSi9Cu3. 

2. MATERIALS AND METHODS 

2.1. Materials 

The used alloy is AlSi9Cu3. This kind of alloys is commonly used for casting and its chemical composition is 

close to the eutectic. The reference material was produce by standard gravity casting without any heat 

treatment. Tensile strength of SLM material was 485 MPa and 177 MPa in case of cast material.  

Optimal SLM production parameters were determined in base of the best internal porosity, this process is 
described in work [5]. Final production parameters are showed in the Table 1. Position of SLM samples axes 

was parallel to base plate. 

Table 1 Final optimal SLM production parameters [5] 

Laser power Laser speed Hatch distance Beam diameter 

400 W 1300 mm/s 150 µm 82 µm 

Microstructure of both materials is shown on the Figure 1. The cast material (Figure 1a) is characterized by 

inhomogeneous microstructure with sharp intermetallic phases. Microstructure of SLM material (Figure 1b) is 

also inhomogeneous, but we can see only boundaries of production layers and rounded pores. 

 
(a)                                                                         (b) 

Figure 1 Microstructure of cast material (a) and SLM material [5] (b) 

Both materials were tested in as-built (resp. as-cast condition). Tensile strength of SLM material was 485 MPa 

and 177 MPa in case of cast material.  

2.2. Fatigue testing 

All specimens were machined according the Figure 2a. From SLM material was produced 11 specimens and 

from reference (cast) material 12 specimens. Fatigue bending test were carried out by electro-resonance 

machine RUMUL Cracktronic 8204 at room temperature. Fatigue cycle was sinusoidal with stress ration  

100 μm 100 μm 
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R = -1. Fatigue testing was supplemented with fractography analysis using scanning electron microscopy 

(SEM). 

2.3. Acoustic emission 

Acoustic emission (AE) signal was detected by Dakel-XEDO monitoring systems using two piezoelectric 

DAKEL MIDI sensors with 35 dB preamplifier. XEDO system allows 12-bit synchronous sampling with sampling 

frequency 2MHz and continuous saving data to a computer. The sensor was clamped on each end of the 
specimens by Loctide glue. The measuring station is shown on the Figure 2b. 

For postprocessing and data analysis was used new system Dakel-ZEDO that allows to get more information 

about AE signal and filtration of important AE response. 

    
                               (a)                                                        (b)  

Figure 2 Geometry of testing specimen (a) and measuring station (b) 

3. RESULTS 

3.1. Fatigue 

Results of bending fatigue tests of both materials were compared using S-N curves in log-log coordinates 
(Figure 3). SLM material has slightly better fatigue limit than cast material. It is probably connected with sharp 

intermetallic phases in the cast microstructure that are not visible in the SLM material microstructure. However 

the layers borders are not favourable for fatigue resistance. It is not possible to get relevant fatigue limit as the 

amount of tested samples is not representative. Estimate is around 120 MPa in case of SLM material and 90 

MPa in case of cast material. 

  

Figure 3 S-N curves of SLM and reference material 
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3.2. Acoustic emission 

Overall AE records are shown on the Figures 4 and 5. Three fatigue stages are recognizable in case of both 

materials. Stage A: pre-initiation stage is characterized by significant AE activity caused by microstructure 

changes. Stage B: initiation stage is typical with low AE activity, the crack is initiated here. Stage C: post-

initiation stage is characterized by very high AE activity caused by crack growth.  

Ratio of all stages is more or less the same in both materials, but there is clear difference in overall AE activity. 

The differences between individual stages are more visible in case of cast than SLM material. While in case 

of cast material the amount of AE counts and number of hits are changing for every stage, in case of SLM 

material the change is visible mainly in record of root mean square (RMS - average AE energy). The increase 

of number of hits in last stage (C) is not so significant in case of SLM, as in the case cast material. It suggest 

a different mechanism of crack initiation and growth.  

 

Figure 4 AE record of cast material 

 

Figure 5 AE record of SLM material 

Figure 6 shows detail look of AE hits parameters maximum amplitude and duration for stage A and B, stage 

C is not subject of this study. The difference is clearly visible. Beside the amount of hits, in case of SLM were 

detected significantly more hits than in case of cast material, the duration of hits is different, maximal amplitude 
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is same in case of both material as well as in case of both stages. AE hits duration of SLM material fatigue 

stage A is approximately between 5x104 and 1x106 ns, in case of reference material it is between 1x104 and 

5x105 ns. AE hits duration of SLM material fatigue stage B in approximately between 5x104 and 77x104 ns, in 

case of reference material it is between 15x104 and 37x104 ns. It is again suggest a different mechanism of 

crack initiation. 

      

Figure 6 AE hits parameters: Max amplitude (dBAE) vs. duration (ns) in stage A and B 

3.3. Fractography 

Fatigue bending test and AE measurement were supplemented by fractography analysis shown on the  
Figure 7. Crack origin is marked by the red ring. It is located in sub-surface defect (pore). The main crack 

spreads through the linking of micro-cracks between the defects and along the building layers borders.  

 

Figure 7 Crack surface of SLM material with detail of crack origin 

4. CONCLUSION 

Presented study showed results of fatigue testing of SLM and cast alloy AlSi9Cu3 supplemented by AE 

measurement and fractography analysis. The results of both materials were compared to determine whether 

the cast material could replace SLM material. Both materials were tested in as-cast resp. as-built condition. 

Results of fatigue bending test were compared using standard S-N curves in log-log coordinates. Fatigue limit 

of SLM material is slightly better than cast material. It is caused by inhomogeneous microstructure of cast 

material with sharp phases that ware not observed in microstructure of SLM material. 

500 μm

1 mm 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1350 

AE records show that in both material is possible to observe three fatigue stages: pre-initiation (A), initiation 

(B) and post-initiation (C). The ratio of individual stages is more or less the same in case of both materials, but 

overall AE activity is different. Further AE analysis showed difference in duration of AE hits not only between 

stage A and B, but also between SLM and cast material. It suggests different mechanism of crack initiation.  

Fractrography analysis showed that crack origin is located in the subsurface defect and the main crack spreads 

through the linking of micro-cracks between the defects and along the building layers borders. The analysis 

connects AE signal with actual changes in material structure.  

Results indicates that cast material could be replaced by SLM material as the fatigue limit is similar, but it must 

be keep in mind that fatigue behaviour (mechanism of crack initiation and propagation) is different. Further 

sudies focused on testing of same materials after heat treatment and deeper analysis of AE signal are needed. 
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Abstract 

Twin-roll casting allows production of sheets and strips with required thickness without subsequent 

homogenization or hot rolling and therefore has a high potential for industrial applications. One of the 

drawbacks of this method is a formation of inhomogeneous structure with central segregation. Sheet prepared 

from 3003 aluminum alloy with 1 wt.% Mn, 0.2 wt.% Fe, 0.5 wt.% Si, 0.2 wt.% Cu and small addition of Zr (0.2 

wt.%) and Cr (0.1 wt.%) was studied by X-ray computed tomography. Segregations in the material form as 

manganese, iron and silicon rich channels spread in the rolling direction. The material annealed at 450 °C 

exhibits diffusion of alloying elements from segregations into their surroundings and formation of voids or a 

material with lower density in the center of segregation channels due to Kirkendall effect. 

Keywords: Al-Mn-Zr alloy, twin-roll casting, central segregation, Kirkendall effect, X-ray computed  

         tomography 

1. INTRODUCTION 

1.1. Introduction 

Because the industry demands a higher production efficiency, price and environment saving, new methods 

and materials are investigated. Twin-roll casting (TRC) allows production of sheets and strips of a required 

thickness avoiding subsequent homogenization or cropping known from ingot casting methods. A high cooling 

rate during TRC (~500 K/s) produces supersaturated solid solution, fine grains and finely dispersed primary 

particles [1]. On the other hand, inhomogeneities such as central segregations and flattened grains can be 

found in TRC strips [1, 2]. 

1.2. Segregations 

Central macrosegregations are cylindrical, low melting point regions, oriented in the casting direction and 

appear as a result of combined solidification and rolling process [2, 3]. Such channels formed in the central 

plane have almost constant spacing and are at least an order of magnitude larger in size than dendritic grains 

in their vicinity [2, 4, 5]. Segregated channels reveal predominantly eutectic features. This suggests that a hot 

rolling component of the TRC process squeezes the mushy zone in between the already solidified skins that 

become thicker as they move into the roll gap. The liquid, which is enriched in alloying elements, is thus forced 

to the opposite side of the casting direction [2, 4]. With advancement of the solidification front, the concentration 
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of solutes in liquid phase gradually increases. The liquid is trapped when the two solid skins weld together and 

well defined solute-rich channels are formed. 

The most common alloying elements in 3003 Al are manganese, iron, silicon and copper. These elements are 

known to have strong influence on the precipitation behavior [2, 6, 7]. Two main phases which are frequently 

observed in Al-Mn-Fe-Si alloys are orthorhombic Al6(Mn,Fe) and cubic α-Al12−15(Mn,Fe)3Si1−2 [2, 8, 9]. The 

main factors influencing the morphology and crystallographic phase are chemical composition and cooling rate 

[2, 10]. If macrosegregation occurs in the center of a sheet, it cannot be reduced by homogenization. The 

central eutectic segregates are not affected by a cold-rolling, aluminum matrix deforms around them [11]. 

1.3. Heat treatment and Kirkendall effect 

The Kirkendall effect is a classical phenomenon in metallurgy [12]. It basically refers to a nonreciprocal mutual 

diffusion process through an interface of two metals so that vacancy diffusion occurs to compensate for the 

inequality of the material flow and that the initial interface moves. The first experiment was performed by 

Kirkendall in 1942 [13]. Kirkendall effect was observed on aluminum-silicon interface in semiconductors. During 

heating silicon diffuses into aluminum layer forming voids instead of eutectic layer [14, 15]. Although Kirkendall 

effect is generally observed on interface of bulk materials, chemists applied this destructive effect 

constructively in nanoscale for synthesizing hollow nanostructures e.g. spheres or nanotubes [12, 16], for 

example Ni-Cr wires in aluminum [17].But as far as we know, Kirkendall effect was not observed on the mostly 

manganese, iron and silicon central segregations in Al 3003 alloy so far. 

1.4. X-ray computed tomography 

The conventional methods of a microstructural analysis (such as light optical microscopy or scanning electron 

microscopy (SEM) are carried out in 2D. Acquirement of 3D information would require analyzing of multiple 

cuts through the sample, which is hardly feasible, time consuming and of course destructive for the sample. 

An example of nondestructive method of material characterization is X-ray computed tomography (XCT), which 

has become very important technique for 3D characterization of materials [18]. It is widely used for detection 

of cracks and pores, evaluation of parameters of cellular materials and visualization of intermetallic phases in 

metals [19]. XCT utilizes an X-ray source, a turntable as well as a digital detector. A sample is placed on a 

rotary table between X-ray source and detector. Projection images are generated at various angular positions, 

hundreds of projection images are needed to reconstruct a 3D dataset with a mathematical algorithm. The 

generated volumetric dataset consists of volumetric pixels, so called voxels, which feature a grey value 

corresponding to the density and the atomic number of the elements within that voxel [19]. The aim of the 

present study is to evaluate the morphology of central segregation in twin-roll cast AA3003 aluminum. 

2. EXPERIMENTAL PART 

A modified AA3003 aluminum alloy with 0.17 wt.% of Zr addition with a composition shown in Table 1 was 

prepared by TRC method. In this method, molten alloy flows between two water-cooled rotating rolls where it 

solidifies. TRC material was cold rolled to 85 % thickness and subsequently cut into sample with approximately 

11x7 mm2 cross-section. Afterwards the sample was heat treated with 0.5 °C/min increase up to 450 °C and 

annealed for 8 hours at 450 °C then quenched into water. The sample was scanned with XCT before and after 

heat treatment in order to compare central segregation channels before and after heat treatment. Afterwards 

the sample was cut by a plane containing the most central segregations in order to compare X-ray 

measurements with SEM images. Scanning electron microscope FEI Quanta FEG 200 SEM was used for 

observation in back scattered electrons (BSE) at 10 kV. Specimen for SEM was mechanically polished. The 

sample was further cropped in the perpendicular direction in order to reduce volume for new higher resolution 

XCT measurement. 
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Table 1 Nominal composition of studied Al alloy (wt.%) 

Al Mn Fe Si Cu Zr Cr 

Balance 1.0 0.2 0.5 0.2 0.2 ~0.1 

XCT measurement with a voxelsize of (7.5 µm)3 was carried out with 80kV, 200µA and a 0.1 mm Cu prefilter. 

Using a Nanotom 180NF desktop device from General Electric with a 2304 × 2304 Hamamatsu flat panel 

detector and a 180 kV nanofocus X-ray tube. The scan parameters for the high resolution measurement with 

a voxelsize of (0.8 µm)3 were 80kV and 175 µA without using a prefilter. For this investigation a RX Solutions 

Easytom 160 device with a 1920 x 1536 Varian flat panel detector and a 160 kV Hamamatsu nanofocus tube 

was used. For visualization and evaluation the software VGStudio MAX 2.2 was used whereby the surface 

near region was excluded during evaluation to reduce influence of artefacts. For noise reduction, a 3 × 3 × 3 

median filter was applied at the (7.5 µm)3 dataset and a non-local means filter (value 2 using VGStudio 3.1) at 

the (0.8 µm)3 dataset. For segmentation an ISO 50 threshold combined with advanced surface determination 

was used. 

3. RESULTS  

In the as-cast material we observed channels of central segregations in accordance with experiments of 

Šlapáková et al [2] done on the same material. Segregations form as a result of a fast solidification of the strip 

during twin roll casting. The two solidification fronts progressing from the surface are pushing the melt enriched 

in alloying elements in front of them. When they finally meet, solute rich segregation of primary particles forms. 

Such segregations have a form of long channels stretching along the rolling direction [2].The length of each 

segregation is several mm in the rolling direction. Spacing between each segregation in the transverse 

direction is approximately 0.5 mm. They are distributed in a band with the width of approximately 1 mm in the 
central part (Figure 1). Some of the segregations contain coarse primary particles with irregular shape and 

diameter of around 20 μm. EDX analysis of several segregations was performed on several samples of the 

same material [2].  

 

Figure 1 Comparison of central segregation channels before and after annealing of two slices using XCT 

Segregation is composed mainly of Mn and Fe located generally in the same particle (Figure 2). Silicon is also 

partially present in the Mn- and Fe-containing particles but mainly appears in their interspace in clusters with 
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size comparable to these particles. The first X-ray measurement of heat treated sample surprisingly revealed 

the dark areas inside the channels with lower intensity than the matrix material. This could indicate lower 

density of material or voids inside or in surrounding of channels simmilar to nanoscale Kirkendall effect 

observed on nanotubes and hollow nanoparticles [12]. SEM investigation confirmed presence of voids  
(Figure 2) and dispelled the possibility of an artifact. The cropped sample was again investigated by XCT with 

a higher resolution which revealed segmentation of dark areas (Figure 3) into multiple voids. Software analysis 

of XCT enabled to obtain the void size distribution in the volume. The void volume is mostly below 400 µm3 

(Figure 4). Voids are dispersed predominantly along central segregation channels. Element analysis of 

annealed sample revealed higher silicon concentration in the vicinity or at the inner surface of voids.  

 

Figure 2 Element line analysis across voids and central segregations observed in SEM using secondary 

electrons 

 

Figure 3 Voids in the annealed sample depicted from 3 different orientations by 3D XCT, a) the rolling 

direction, b) the transverse direction and c) the normal direction 

DISCUSSION 

XCT measurement enabled investigation of the identical area of the sample with no mechanical interfering. 

This method can detect deviations in density thus Mn and Fe rich central segregations in Al matrix can be 

a) b) c) 
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recognized and their 3D distribution in volume of the sample can be reconstructed. Comparison of identical 

slices, of this reconstructed 3D volume, before and after annealing revealed decrease of density in areas of 

central segregations and even formation of low density areas in their places with density lower than Al matrix. 

With higher resolution we observed separate voids instead of low density areas. These voids are settled in the 

places where central segregations, now partially or entirely dissolved, were located. This was also observed 
is SEM (Figure 2). Even though SEM displays only thin surface area and sample was mechanically polished 

some voids were observed. Higher silicon concentration in a proximity of voids seems to be residue of silicon 

rich particles which surround Mn-Fe rich segregation. Diffusivity of Si is higher then Al and more then 3 orders 

higher then Fe or Mn [20]. Material apparently diffuses away from interior of Si particles resulting in Kirkendall 

effect [14, 15]. It is not understood yet if the observed Kirkerdall effect is whole process or part of more complex 

one and whether Mn-Fe particles also take part in the process. There is relatively little theoretical work on 

nanoscale Kirkendall diffusion effects caused mostly by the complexity of the reaction system itself compared 

to bulk planar interfaces [12]. The existing models work almost exclusively with binary systems. Further 

investigation as comparison of local element composition or phase analysis before and after annealing has to 

be done as well as computer simulations in order to describe such a complicated system as Mn-Fe-Si central 

segregation in aluminum alloy where also inhomogeneous shape and surface or other alloying elements must 

be considered. 

 

Figure 4 Void segmentation and size analysis depicted from 3 different orientations by 3D XCT, a) the rolling 

direction, b) the transverse direction and c) the normal direction 

CONCLUSION 

Twin-roll cast modified-AA3003 aluminum strips contain central segregations. They form channels elongated 

in the rolling direction with the length of up to several mm and thickness in the order of 100 μm. During heat 

treatment, material of these central segregations, probably mostly silicon, diffuses into their surroundings. Due 

to Kirkendall effect, voids are formed as observed in XCT. Their spatial and volume distribution was obtained 

by computer analysis of XCT data. The volume of each void is mostly below 400 µm3. These results were 

possible thanks to non-destructive nature of X-ray computed tomography which relatively quickly provides 

information about the 3D volume. Limitation of this method is that resolution of XCT images decreases with 

increasing dimensions of the cross-section of the sample. 

a) b) c) 
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Abstract 

The results of investigations of the structure and mechanical properties of in-situ aluminum matrix composites 

based on the Al-Mg-Si system reinforced with primarily crystallizing silicides Mg2Si are presented. The main 

advantage of such materials is the usage of relatively inexpensive initial components with absence of the 

necessity for the use of powders, which greatly simplifies technology and reduces the production cost of 

castings. However, coarse morphology of primary crystals Mg2Si and needle structure of eutectic phase Mg2Si 

in cast composites have negative influence on the strength characteristics of obtained products. To control the 

morphology and size of endogenous Mg2Si particles, thermo-temporal treatment of the Al-Mg-Si melts has 

been tested. It was shown that the thermo-temporal treatment had a grain refining effect on the primary crystals 

of the Mg2Si reinforcing phase. With an increase in the duration of isothermal holding of the composite melt 

from 15 to 30 minutes at 900 °C, the average size of the reinforcing particles decreased substantially, and their 

total amount increased. A further increase in the holding time to 45 min led to coarsening of the morphology 

and growth of the inclusions, and upon holding for 60 min the amount of primary Mg2Si crystals decreased 

sharply and eutectic colonies were formed. Under the conditions of the experiments, the most favorable 

structural characteristics and mechanical properties of cast specimens were attained by isothermal holding of 

the melt at 900 °C for 30 min.  

Keywords: Al-Mg2Si in-situ composites, superheat melt treatment, microstructure, mechanical properties 

1. INTRODUCTION  

Aluminum matrix composites are considered as one of the most promising materials for replacing traditional 

alloys, which practically exhausted the potential for increasing the mechanical and operational properties of 

products for functional and structural purposes [1]. However, most of the technological processes used to 

produce aluminum matrix composites are based on the introduction of exogenous reinforcing particles into 

matrix melts, which is often associated with coagulation and rejection of particles due to their poor wettability, 

as well as with oxidation and gas saturation of aluminum melts [2]. To solve these problems, new technologies 

for the endogenous reinforcement of aluminum alloys have been developed [3], as well as new compositions 

of in-situ aluminum matrix composites based on the Al-Mg-Si system, reinforcing phase in which is the primary 

crystallizing silicides Mg2Si, have been proposed [4-6]. The main advantage of such materials is the use of 

relatively inexpensive starting components in the absence of the need for the use of powders, which greatly 

simplifies the technology and reduces the cost of manufacturing of finished products. However, the coarse 

morphology of the primary Mg2Si crystals and the needle structures of the eutectic phase of Mg2Si in cast 

composites adversely affect the strength characteristics of materials [8].  

To control the morphology and size of the primary crystals of Mg2Si reinforcing phase in cast aluminum matrix 

composites, different methods have been proposed, such as the introduction of various grain refining additives 

(for example, La, Mn, Bi, Gd, etc. [9-11]), ultrasonic and electromagnetic treatment of Al-Mg-Si melts [8,12], 

solution and aging heat treatment of composite castings [13,14], etc. At the same time, the search for new 
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cost-effective methods for controlling the structure of Al-Mg2Si in-situ composites to provide the required 

mechanical and operational properties continues to be an urgent task for expanding the industrial applications 

of these promising materials.  

In the present work, to control the size and morphology of endogenous Mg2Si particles, the superheat (thermo-

temporal) treatment of composite melts of the Al-Mg-Si system was tested. This technique is considered as 

one of the effective methods for melts treatment by physical (thermal) effects, as has been shown in [15].  

2. MATERIALS AND METHODS 

Experimental materials were prepared in alundum crucible in an electric resistance furnace. During the melting, 

pure components were used: aluminum (≥ 99.99% Al), magnesium (≥ 99.9% Mg), silicon (≥ 99% Si) based on 

the composition of Al + 12 wt.% Mg + 6 wt.% Si. Silicon was introduced into the melt at 750±5 °С, magnesium 

at 720±5 °С wrapped with aluminum foil. After dissolution of the charge components, the melt was manually 

stirred and superheated to a temperature of 900±5 °C followed by a holding for a time from 15 to 60 minutes. 

The temperature conditions of the melting process were controlled during the entire experiment by a K-type 

thermocouple. The processed melt was poured at 720±5 °C into steel and copper molds with a wall thickness 

of 30 mm to produce ingots with a diameter of 20 mm and a length of 100 mm.  

The microstructure of experimental alloys was studied in as-cast state on unetched sections using a digital 

metallographic microscope Raztek MRX9-D (Russia). Samples for metallographic studies were cut from the 

ingots at a distance of 15 mm from the bottom. Statistical processing of metallographic images was carried out 

using the program ImageJ v.1.51 (https://imagej.nih.gov/ij). The hardness of the samples was determined on 

a stationary hardness tester TH301 (Time Group, China) by the Rockwell method (HRB scale) by a 1/16" ball 

indentor at a load of 981 N with the subsequent calculation of the arithmetic average of the hardness value 

according to ten measurements.  

3. RESULTS AND DISCUSSION  

Figure 1 shows the microstructure of Al-Mg2Si composite samples under different thermo-temporal treatment 

conditions poured into a steel mold. To quantify the structure parameters of the obtained samples, statistical 

processing of metallographic images was carried out on the segments with dimensions of 0.625 µm × 0.470 

µm (the section field at magnification of ×100), the results of which are summarized in Table 1. With an 

increase in the duration of isothermal holding of the composite melt from 15 to 30 min the size of the reinforcing 

particles was substantially reduced (up to ∼19 μm), and their total quantity was increased (Figure 1, b). 

However, the expected change in the morphology of the Mg2Si particles to the polygonal and more compacted 

in the experiments was not observed. This indicates the expediency of continuing research in the direction of 

optimizing the temperature-time treatment modes of Al-Mg-Si composite melts. Subsequent exposure (45 min) 
led to an increase in size and coarsening of the morphology of the inclusions (Figure 1, c), and upon exposure 

for 60 min there was a sharp decrease in the amount of Mg2Si primary crystals (with a certain decrease in their 

sizes) and the formation of eutectic colonies.  

Table 1 Quantitative parameters of primary Mg2Si particles at different melt holding time at 900±5 °С  

Parameter  
Holding time (min) 

15 30 45 60 

Quantity of particles 30 46 40 33 

Maximum size (µm) 76 36 65 39 

Average size (µm) 40 19 31 25 
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a) 

 
b) 

 
c) 

 
d) 

Figure 1 Microstructure of Al-Mg2Si aluminum matrix composites in as-cast state (steel mold, ×200): melt 

isothermal holding at 900±5 °С for 15 (a), 30 (b), 45 (c) and 60 (d) min 

According to the pseudo-binary phase diagram of the Al-Mg2Si system [16], at the initial stage of crystallization 

of the composite melt, the formation of particles of excess Mg2Si phases occurs. In general, the process of 
crystallization of a composite melt with a hypereutectic composition can be represented by the following 

reaction:  

L → L1 + Mg2SiP → Mg2SiP + (α-Al + Mg2Si)E, 

where the indices P and E refer to the primary crystals and eutectic phases, respectively. As shown in [17], 

the primary particles of the excess phases of Mg2Si under normal conditions form imperfect octahedral crystals 

or dendritic-like complexes growing along the first stable dendrite in the <100> direction. It can be seen from 
Figure 1 that the thermo-temporal treatment can contribute to the refining of Mg2Si particles. However, in order 

to specifically control their morphology and change it to a more compact, additional studies are needed to 

establish optimal modes of superheat melt treatment.  

The results of Rockwell hardness measurements of composite samples under different melting and casting 
conditions are shown in Figure 2. In the case of isothermal holding of the Al-Mg-Si melt at the temperature of 

900±5 °C for 30 minutes, the highest hardness values of composite samples, poured in both steel and copper 

mold, was observed. It is assumed that the achieved hardness values are caused by the positive effect of 

thermo-temporal treatment under the appropriate processing modes on the size and distribution of primary 

crystals of the Mg2Si reinforcing phase.  
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Figure 2 Average Rockwell hardness of Al-Mg2Si samples as a function of a composite melt holding time at 

900±5 °С and thermal conditions of crystallization  

4. CONCLUSION 

1) It is shown that the superheat treatment of composite melts based on the Al-Mg-Si ternary system can 

have a modification effect on the primary crystals of the Mg2Si reinforcing phase. 

2) Under the conditions of the experiments, the most favorable structural characteristics and the highest 

hardness values of cast specimens were achieved at isothermal holding of composite melt at 900±5 °C 

for 30 min.  
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Abstract 

It is shown from the point of view of the quasicrystalline model of metallic melts that during the liquid phase 

treatment by nanosecond electromagnetic pulses it may be possible the occurrence of energy fluctuations in 

the melt, change of short-range order structure in the atoms arrangement, reducing the cluster size and 

shortening their lifespan, decreasing the disordering temperature. These processes change the physical 

properties of the melt, crystallization parameters, physical-mechanical and operational properties of the 

obtained alloys. It is theoretically justified that irradiation of the melt with nanosecond electromagnetic pulses, 

by reducing the surface energy of an interphase boundary "crystal-melt" and contributing to increase in degree 

of the melt undercooling, increases the formation rate of nucleation centers in a unit volume of the melt and 

provides the refinement of microstructure of resulting castings. In addition, increasing the wettability of solid 

particles by the melt and reducing the surface tension at the interphase boundaries leads to substantial 

dispersion of nonmetallic inclusions and intermetallic phases, which causes the formation of additional 

crystallization centers. It is assumed that when the nanosecond electromagnetic pulses are applied to the 

liquid phase, the bond energy curve shifts toward a lower value of the interatomic distance, while the absolute 

value of the bond energy decreases. For this reason, the melt irradiation provides the possibility of an 

energetically and kinetically easier moving of atoms from one stable state to another, which accelerates 

diffusion processes and deactivates clusters.  

Keywords: Electromagnetic pulses, aluminum alloys, crystallization, bond energy, quasicrystalline model 

1. INTRODUCTION  

Properties of alloys in the liquid and solid states can depend substantially on physical effects on melts during 

melting, casting, and crystallization [1]. The following effective methods of physical melt treatment are known: 

thermal-temporal and thermal-rate treatment, mechanical vibration, ultrasonic processing, electromagnetic 

effects, nanosecond electromagnetic pulses, etc. [2-8]. The energy interaction of short-pulse electromagnetic 

fields with an intensity of 105 ... 107 V/m with a metallic liquid helps to destroy its structure, increase the solubility 

of modifying and alloying elements and the uniformity of their distribution. The specificity of nanosecond 

electromagnetic pulses (NEPs) consists in the formation of local high-intensity fields that are characterized by 

the absence of oscillating motions and the directional action of magnetic forces that can purposefully influence 

on the nanostructure and properties of materials [9].  

Metal alloys are very complex systems in the structural relation, in which elements of ordering of various scales 

can clearly appear in the absence of “long-range order”. Consequently, there is a microinhomogeneous 

structure, and in many cases also a microheterogeneous structure of metallic melts. Some types of the 
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microinhomogeneity and microheterogeneity of liquid alloys are considered in the paper [10], and the source 

[11] reveals the essence of a new type of phase transitions - structural transitions in liquid metals.  

For the theoretical explanation of the structural change of the liquid phase, the crystallization parameters, and 

the properties of metallic melts under the action of powerful nanosecond electromagnetic pulses, the present 

paper considers possible mechanisms of the NEPs effect on the above parameters from the standpoint of 

modern concepts of the liquid state model and interaction of substances with a pulsed electromagnetic field.  

2. EFFECT OF NEPS ON THE MELT OF QUASICRYSTALLINE MODEL 

The quasicrystalline model (theory of clusters, sibotaxises, etc.) considers a metal melt as a combination of 

two structural components: clusters (microvolumes with an ordered arrangement of particles similar to a 

crystalline structure of short-range order) and an unstructured "disordered" zone with a chaotic arrangement 

of particles, as a rule, more “loose”.  

Clusters and an unstructured zone are thermodynamically unstable and, as a result of energy fluctuations, 

they continuously and locally transit into each other. The ratio of the volumes occupied by the clusters and the 

disordered zone is determined by the temperature of the melt and the duration of irradiation of the NEPs melt. 

The lifetime of clusters is large in comparison with the duration of the cycle of atomic vibrations in liquid metals 

(about 10-14 - 10-13 s), and their dimensions are several orders of magnitude greater than the dimensions of 

the atoms.  

Under the influence of NEPs, the occurrence of energy fluctuations in the melt, the change in the structure of 

short-range order in the arrangement of atoms, the decrease in the size of clusters, the shortening of their 

lifetime, and the decrease in the temperature of disordering are possible. A decrease in the temperature of the 

melt disorder leads to a change in the degree of compaction and the coefficient of thermal compression of the 

melt during cooling, the physical properties of the melt, the crystallization parameters, and ultimately the 

physico-mechanical and operational properties of the resulting alloys.  

In accordance with the quasicrystalline model, any physical property C of the metallic melt is the additive sum 

of the partial contributions of the melt constituents:  

С = Аun Cun + Аcl Сcl,           (1) 

where Aun and Acl are the ratio of the unstructured zone fraction and the cluster zone fraction, respectively; Cun 

and Ccl are the partial properties of an unstructured zone and clusters. A decrease in the fraction of clusters 

leads to a change in properties: a decrease in viscosity and surface tension, an increase in the solubility and 

uniformity of the distribution of alloying elements in the liquid phase.  

Under the influence of NEPs, a decrease in the surface tension σ at the “melt-crystal” interface causes a 

decrease in the values of the critical size rc of the crystallization centers of metals and alloys:  

rc = (2 σ М TS )/(ρ L ΔT)           (2) 

where М is the molecular weight; TS is the melting point; ρ is the density; L is the latent heat of fusion; ΔТ is 

the degree of supercooling of the crystallizing melt.  

The processing of melts by the NEPs changes their energy state, decreasing σ at the interfacial boundaries 

“crystal-melt” and “nonmetallic inclusions-crystal”. All this contributes to the formation of additional centers of 

crystallization and grain refinement. In the case of the crystallization of metal on the surface of nonmetallic 

inclusions, the melt processing by the NEPs facilitates to the removal of large particles during the melt 

irradiation and the dispersion of the remaining "floating" particles, which increases the surface energy. To 

reduce the surface energy, spontaneous "clinging" of clusters on these inclusions up to the critical size of the 
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crystallization centers is possible. In this case, the crystallographic matching of the crystallizing phase with 

nonmetallic inclusions is not required.  

According to the theory of fluctuations, the rate of nucleation is largely determined by the surface energy. 

Irradiation of the melt by NEPs, reducing the surface energy of the “crystal-melt” interface, increases the 

formation rate of nucleation centers in the melt unit volume and ensures the dispersion of the resulting castings 

microstructure. The formation rate of the crystallization centers V is determined by the formula:  

V = K е-В σ³/T · ΔT²,           (3) 

where K is the kinetic constant of crystallization; B is a constant, depending on the alloy nature; T is the 

temperature at which crystallization proceeds; ΔТ is the degree of supercooling.  

After taking the logarithm of equation (3), we obtain 

lnV = lnK - (В σ3/Т)/ΔТ²           (4) 

Melt processing by NEPs can lead to an increase in the melt supercooling ΔT and, by decreasing the surface 

energy of the “crystal-melt” interface, increases the kinetic crystallization constant and, as equation (4) shows, 

causes acceleration of the formation of crystallization nuclei.  

Increasing the wettability of the solid particles by the melt and reducing the surface tension at the phase 

interface leads to a substantial dispersion of the inclusions and causes the formation of additional 

crystallization centers that can significantly refine the microstructure of aluminum and its alloys.  

3. MECHANISMS OF NEPS INFLUENCE ON SOLUBILITY OF ALLOYING ELEMENTS AND 
SECONDARY PHASES IN ALUMINUM ALLOYS  

In the field of NEPs the currents are induced. The motion of electric charges seems to be quite powerful due 

to the small electrical resistivity of the metals and alloys, and the "transfer" of highly concentrated electropulse 

energy to them. There is a Lorentz force acting on the moving charge in the electric and magnetic fields:  

F = q E + q [V · B],           (5) 

where V is the velocity of charge motion, E is the electric field intensity; q is the charge magnitude; B is the 

magnetic induction.  

The action of the force F leads to the fact that the charges are "pressed down" to the outer surface. The Lorentz 

force creates a pressure difference, thereby, involving the fluid into the movement from the periphery to the 

center and vice versa.  

Thus, the NEPs effect causes an intensification of mass transfer and blocks the growth of dendritic branches. 

In this case, after some supercooling, bulk crystallization is more likely, excluding the formation of a columnar 

crystal zone and determining a uniform fine-grained structure in the castings. Irradiation of molten metals by 

the NEPs provides an opportunity for an easier movement of atoms from one stable state to another, and 

accelerates the diffusion and dissolution of alloying elements. The increase in the solubility of alloying elements 

in the aluminum melt under the NEPs influence on them is explained by the effect of electrotransfer, which 

occurs in the entire volume of the melt in the electroimpulse field.  

Diffusing ions are a directed “electron wind” from the macroelement dissolved. The concentration of ions 

around the still undissolved macroparticle of the alloying element decreases, intensification of the withdrawal 

of the interaction products and the acceleration of the diffusion stage occurs, which is the limiting stage in the 

process of dissolution of the alloying elements and secondary phases. As a result, the solubility of the alloying 

elements is increased and their uniform distribution in the base alloy is ensured.  
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The effect of NEPs on the melts causes the formation of local impulsive electromagnetic fields with high 

intensity, partially destroying the clusters in the melt and thereby substantially increasing its fluidity. Due to the 

energy interaction of these short-pulse electromagnetic fields of 105 ... 107 V/m with melt particles, a deep 

restructuring of the considered microheterogeneous systems takes place. Dispersion of the particles is 

observed, their size becomes so small that it abnormally reduces the forces of internal friction of the substance. 

As a result, the viscosity of the melt under the NEPs effect is substantially reduced, and the fluidity increases. 

At the same time, the decrease in the fluidity of an alloy under the influence of NEPs is possible, if the solubility 

in the α-solid solution of the second component in the binary system increases, shifting the alloy composition 

to the more hypereutectic.  

4. CHANGE OF BOND ENERGY UNDER THE NEPS EFFECT  

The type of binding that occurs between elementary particles in the liquid state is determined by the electronic 

structure of the interacting atoms. Elementary particles in a liquid, like their behavior in a crystal, approach to 

a certain distance, which provides the greatest thermodynamic stability of the "quasi-lattice". The distance to 

which the particles approach is determined by the interaction of forces acting in the short-range order structure.  

The attraction force arises from the interaction of electrons with the positively charged nucleus of an atom of 

its own, as well as the positively charged nuclei of neighboring atoms. The repulsion force arises as a result 

of the interaction of positively charged nuclei of neighboring atoms as they approach each other. The repulsive 

force manifests itself at a strong convergence and increases more intensively than the attraction forces  
(Figure 1).  

 
a) 

 
b) 

Figure 1 The change in the interaction force (a) and the bond energy (b) during the interaction of atoms in a 

liquid alloy 

The forces equilibration occurs when the elementary particles approach each other by a distance d0. This 

approach is facilitated by a minimum of the bond energy Eb, which makes the structure of short-range order 

thermodynamically stable. It determines the melting point, the temperature coefficient of linear expansion, and 

other properties. A decrease in the parameter of the crystal lattice and an increase in the amplitude of the 

vibration of atoms from the equilibrium position in aluminum melt upon irradiation by the NEPs during 10-15 
min allows us to make the following assumption (Figure 2).  
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Figure 2 The change in the bond energy at the approach of atoms in liquid metals under the influence of 

NEPs: dδ
0 and d00 are interatomic distances in unirradiated and irradiated liquid metals, respectively; Eδ

b and 

E0b - bond energies in unirradiated and irradiated liquid metals, respectively 

Under the influence of the NEPs on liquid phase, the bond energy curve shifts toward a smaller value of d0. In 

this case, the absolute value of the bond energy Еºb decreases. For this reason, the melt irradiation by the 

NEPs provides the possibility of an energetically and kinetically easier moving of atoms from one stable state 

to another, accelerates diffusion processes, and deactivates clusters.  

5. CONCLUSION 

The theoretical explanation of structural change of a liquid phase, crystallization parameters and properties of 

metal melts at influence of powerful nanosecond electromagnetic impulses is presented. The possible 

mechanisms of NEPs influence on various melt parameters from the position of modern representations about 

the model of liquid state of the substance and its interaction with the pulse electromagnetic field are considered.  
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Abstract 

Two binary alloys Mg-3Nd (N3) and Mg-3Y (W3) processed by hot extrusion and equal channel angular 

pressing (ECAP) were studied. Microstructure after extrusion and a different number of ECAP passes was 

investigated by scanning and transmission electron microscope. The experimental results showed significant 

grain refinement in both alloys and massive precipitation in the N3 alloy. Compression deformation tests were 

conducted in two directions - along with processing direction and transverse direction. A mechanical strength 

of both alloys was considerably increased (~300%) by ECAP processing due to several factors. Positive effect 

on the strength had particularly grain boundary hardening, solid solution hardening in the case of W3 and 

precipitation hardening in the case of N3. Additionally, rather weak texture, which was formed during ECAP in 

both alloys, resulted in systematically higher strength along the processing direction compared to the 

transverse direction in almost all samples processed by ECAP. 

Keywords: Magnesium alloys, rare earth elements, ECAP, microstructure, mechanical properties 

1. INTRODUCTION 

Magnesium alloys have a great potential to be used as structural materials in larger scale due to their low 

specific weight, high specific strength and good recycling potential. Since magnesium alloys exhibit low ductility 

and poor cold working abilities, magnesium-based parts are frequently produced by casting without further 

mechanical processing. However, as-cast magnesium alloys have relatively low strength, which often limits 

their further application in industry.  

In order to optimise Mg alloys, extensive research has been done to understand the role of individual element 

additions. It was found that rare earth elements (RE) could be used to improve mechanical properties by solid 

solution hardening as well as by precipitation hardening [1-3]. Moreover, the precipitates are stable even at 

elevated temperature, what promotes high-temperature applications [4]. Additionally, solid solution hardening 

could be exploited particularly by yttrium addition [5]. Other important RE element, neodymium, have a 

significantly positive effect on creep resistance by the combination of precipitation [6]. Today, part of the most 

commercially successful Mg alloys belongs to WE series containing yttrium and neodymium. This type of alloys 

offers good corrosion resistance together with good mechanical properties at elevated temperature.  

It is well known that grain refinement is another effective option to enhance the strength of Mg alloys. It has 

been demonstrated that severe plastic deformation techniques, such as equal channel angular pressing 

(ECAP), could effectively modify the microstructure of Mg-RE alloys [7,8]. By grain refinement, Mg alloys with 

excellent mechanical properties and good corrosion resistance could be prepared. Consequently, such 

materials have great potential not only in structural application but also in a field of biomedicine [9]. In addition, 

RE containing magnesium alloys exhibit weak texture even after ECAP, what is beneficial for mechanical 

properties of the processed materials [8]. 
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However, the literature is usually concentrated on the mechanical properties improvement of the as-cast alloys 

by a combination of more RE elements or by ageing. On the other hand, the present paper is focused on the 

effect of individual REs (Nd and Y) on the microstructure and mechanical properties of binary magnesium 

alloys prepared by hot extrusion and ECAP. 

2. MATERIAL AND EXPERIMENTS 

Magnesium alloys with addition of neodymium (Mg-3Nd; N3) and yttrium (Mg-3Y; W3) were prepared. The 

cast billets were homogenized for 16 h at 400 °C for W3 and 550 °C for N3 alloy and then quenched in water. 

Both alloys were extruded with the ram speed of 1 mm/s and an extrusion temperature of 350 °C and 

subsequently processed by ECAP. The ECAP processing was performed up to eight passes (8P) for both 

alloys. Samples after one pass (1P), two passes (2P), four passes (4P) and eight passes (8P) were prepared 

following route BC [10]. This route is considered to be the most effective one in order to achieve the uniform 

fine-grain microstructure [11]. The ECAP processing was performed at the temperature range of 285-335 °C 

and the ram speed of 5-10 mm/min with an internal angle of Θ = 90° and corner angle ψ = 0°. 

Microstructure of all samples was characterized by scanning electron microscope (SEM) ZEISS Auriga 

Compact equipped with electron backscattered diffraction (EBSD) camera. Samples for microstructure 

observations were mechanically polished with decreasing grain size down to 50 nm. Additional ion-polishing 

was used on samples for EBSD by Leica EM RES102.  

Compression deformation tests at ambient temperature were performed by Instron 5880 with an initial strain 

rate of 10-3 s-1. Deformation tests were carried out in two directions - along with processing direction (X) and 

transverse direction (Y). Samples with a dimension of 4 x 4 x 5 mm3 were cut from the billets. At least three 

measurements were performed for each investigated condition. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

The microstructure of initial extruded (Ex) materials was formed by grains with a uniform character of a grain 

size distribution and a high fraction of high angle boundaries. The characteristic microstructure of both extruded 

alloys can be seen in Figure 1a) and Figure 2a). The average grain size of the extruded N3 and W3 alloys 

was ~15 μm and ~20 μm, respectively. Contrary to the significantly higher amount of alloying element in the 

W3 alloy (atomic percent), grain refinement during extrusion was more intensive in the N3 alloy. As reported 

in our previous paper [12], this difference occurred due to the severe precipitation in the N3 alloy, which 

occurred during extrusion and intensified dynamic recrystallization. Only secondary phase particles observed 

in the W3 alloy were large ones aligned in the stripes parallel with the extrusion direction. Therefore, they could 

be considered as undissolved leftovers from homogenization annealing (mostly oxides) and unlike in the N3 

alloy, no precipitation occurred during extrusion. 

Figure 1b) and Figure 2b) illustrate microstructure of the alloys after one pass through ECAP. The 

microstructure exhibits a significant change of the grain size and distribution of secondary phase particles, 

particularly in the N3 alloy. The microstructure of both alloys was inhomogeneous with the areas of coarse 

grains surrounded by refined ones. After 4 passes through ECAP, microstructure was still inhomogeneous (not 

shown here). The mixture of areas with ultra-fine grains and grains with several microns in diameter were 

found in both alloys. Uniform grain size distribution with equiaxed grains was finally achieved in the 8P 

samples. The microstructure of both alloys after 8 passes through ECAP was investigated by TEM and the 

corresponding images are shown in Figures 1c) and Figure 2c).  
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a) b) c) 

Figure 1 The microstructure of the N3 alloy examined by SEM: a) Ex; b) 1P; and by TEM c) 8P (bright field) 

a) b) c) 

Figure 2 The microstructure of the W3 alloy examined by SEM: a) Ex ; b) 1P; and by TEM c) 8P (bright field) 

The grain size distribution of both alloys after one and eight ECAP passes recalculated from an EBSD data 
are summarized in Figure 3b) and Figure 3c), respectively. As shown in Figure 3b), the area fraction of grains 

with size <5 μm and >20 μm are similar for both alloys. However, most of the grains in the W3 alloy have a 

diameter in the range of 5-10 μm, while grains with a size of 10-20 μm have the largest area fraction in the N3 

alloy. With the further processing up to eight passes, the grain size distribution of the smallest grains was 

significantly different between the two investigated alloys. The W3 alloy contained a much higher fraction of 

grains <1 μm than the N3 alloy and, consequently, average grain size measured in the W3 alloy was ~600 nm, 

while it was ~1 μm in the N3 alloy. The evolution of the average grain size as a function of increasing number 
of ECAP passes is shown in Figure 3a).  

As shown in Figure 1 and Figure 2, type and distribution of the secondary phase particles changed after 

ECAP processing. Three types of particles were observed in the extruded condition of the N3 alloy by TEM 

(not shown here). The first type, plate-like precipitates, was identified as Mg3Nd and these particles were found 

in the grain boundaries as well as in the grain interior. Particles of other two types were located primarily in the 

grain boundaries and were identified as Mg12Nd and Mg41Nd5. Nevertheless, processing by ECAP resulted in 
a more pronounced precipitation in the N3 alloy. Figure 1b) shows severe precipitation occurred in the large 

unrefined grains. On the other hand, particles in the grain boundaries were much larger and could be 

considered as a later stage of the precipitation sequence. After eight passes through ECAP, only homogenous 

distribution of small spherical particles was observed. The diffraction pattern of these particles was not clear 

but the results indicate that they are Mg41Nd5 equilibrium phases [13]. On the other hand, only randomly located 
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small particles were found in the W3 alloy after the first pass through ECAP and no changes were observed 

even after eight passes. These particles were identified by TEM as Mg24Y5 [5]. 

a) 

b 

 

 

 

 

 
b) 

c) 

 

 

 

 

 
                         c) 

Figure 3 a) average grain size evolution as a function of the number of ECAP passes; b) grain size 

distribution of 1P condition; c) grain size distribution of 8P condition 

3.2. Compression deformation tests 

Figure 4 illustrates the evolution of an yield compression strength (YCS) in the X and Y direction as a function 

of increasing number of ECAP passes. The extruded samples exhibit the lowest strength, particularly due to 

the coarser grain structure. In addition, similar values of the YCS were observed for both alloys in both 

measured directions regardless the different grain size and amount of precipitates (N3 vs. W3). Negative 

effects of higher average grain size and smaller amount of precipitates observed in the W3 sample were 

balanced by solute solution hardening, what correlates with the previous results [15]. After ECAP processing, 

the YCS increased significantly in both alloys and also in both investigated directions. The strength increase 

of more than 300% was measured in both 8P samples compared to the corresponding extruded conditions. A 

sharp increase of mechanical strength is not usually observed in Mg alloys processed by ECAP because of 

strong specific texture development [10]. Nevertheless, in alloys containing REs, a weak texture and 

consequently sharp increase of mechanical strength were reported previously [7, 8, 11]. The major impact on 

the hardening of ECAP processed materials has grain refinement. A higher fraction of small grains was 

observed in the W3 alloy, compared to the N3 alloy, from the first pass through ECAP, as shown in  
Figures 3b),c). Therefore, higher YCS measured in almost all ECAPed samples of the W3 alloy, compared to 

the N3 alloy, could be attributed particularly to the grain boundary hardening and solid solution hardening, 

similar as in extruded samples. The only sample where this conclusion was not true was a comparison of the 

1P samples deformed along X-direction. Apparent contradiction with the results measured in Y direction could 

be explained by texture favourable for twinning in X-direction in both samples (not shown here). Activation of 

twinning in the W3 alloy decreased yield point of the W3-1P sample, but severe precipitation in the N3 alloy 

prohibited similar behaviour.  

Other systematic difference in the YCS was observed between samples deformed in the X and the Y direction. 
The strength in all samples is lower when deformed in the transverse (Y) direction. As shown, ECAP led to the 

formation of microstructure with equiaxed grains and homogeneous distribution of particles; therefore, no 

differences should have been observed especially after the final eight pass through ECAP. However, specific 

texture development was observed along with grain refinement during ECAP. During deformation at the room 

temperature, basal slip should be the dominant deformation mechanism, especially when grains are small and 

twinning is hard to activate [14]. Hence, for a better understanding of the differences between values of YCS 

measured in X and Y direction, Schmid factor (SF) for basal slip was calculated from the EBSD data. Average 

values of the Schmid factor for both alloys and all samples processed through ECAP are displayed in  
Table 1. In almost all conditions, values of the SF are lower in the X direction for both alloys. Due to the fact 
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that lower SF indicates harder activation of basal slip during deformation [14], SF differences explain well 

higher strength measured in the X direction. 

a) b) 

Figure 4 The compression deformation tests in a) X and b) Y direction 

Table 1 Average values of the Schmid factor calculated for different samples 

 N3 - X N3 - Y W3 - X W3 - Y 

1P 0.29 0.36 0.30 0.30 

2P 0.26 0.35 0.26 0.36 

4P 0.30 0.31 0.20 0.31 

8P 0.26 0.32 0.26 0.31 

CONCLUSION 

Extrusion and ECAP were used to prepare two binary magnesium alloys with neodymium and yttrium in an 

ultra-fine grain condition. Microstructure and mechanical strength evolution were investigated in both alloys. 

The following results could be summarized from this study: 

• Significant grain refinement in both alloys was achieved by ECAP with a final grain size of ~600 nm and 

~1μm for W3 and N3 alloy, respectively. Additionally, severe precipitation was observed in case of the 

N3 alloy, which led to the formation of a dense distribution of small Mg41Nd5 particles. Such precipitation 

was not observed in the W3 alloy.  

• ECAP processing resulted in a considerable increase of the strength of both alloys. The yield 

compression strength increased by 300% comparing extruded and ECAPed samples in case of both 

materials. Such increase was attributed to grain boundary hardening, solid solution hardening in the 

case of W3 and precipitation hardening in the case of N3. Additionally, rather weak texture, which formed 

during ECAP in both alloys, resulted in systematically higher strength along the processing direction 

compared to the transverse direction in almost all samples processed by ECAP. 
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Abstract 

We investigate the new alloys of Mg-Ga-Zn-X system, where X = Ca, Y and Nd. These alloys can be used as 

biodegradable materials due to the low cytotoxicity of Zn and Ga and effectiveness of Ga against bone 

resorption, osteoporosis and Paget’s disease. The microstructure and phase composition of alloys were 

determined using scanning electron microscopy and energy dispersive X-ray spectroscopy. The as-cast 

microstructure of Mg - 4 wt.% Zn - 4 wt.% Ga (Mg4Zn4Ga) alloy consists of magnesium solid solution (Mg) 

and two eutectic phases with composition (Mg,Ga)7Zn3 and (Mg,Zn)5Ga2. For the improvement of mechanical 

properties the severe plastic deformation technique named equal channel angular pressing (ECAP) was used. 

Microstructure, mechanical and corrosion properties of ECAP processed alloys were investigated. It was 

established that the grain sizes differ more than ten times in microstructure of Mg4Zn4Ga alloy after ECAP. 

The additions of 0.2 - 0.3 wt.% Ca, Y and Nd lead to formation of uniform-sized grains of 5 - 15 μm. Mentioned 

previously additions do not change the mechanical properties of Mg4Zn4Ga alloy and measured values of 

ultimate tensile stress (UTS) is 298 MPa, yield stress (YS) is 167 MPa and elongation (El) is 23 % for 

Mg4Zn4Ga alloy. The hydrogen evolution corrosion test was carried out in Hanks’ solution during 192 h. The 

additions of 0.2 - 0.3 wt.% Ca, Y and Nd to Mg4Zn4Ga alloy promote the increasing of the corrosion rate for 

about two times. 

Keywords: Biodegradable materials, magnesium alloys, gallium, ECAP, Hanks’ solution  

1. INTRODUCTION 

Magnesium alloys are good candidates for using as biodegradable materials because of high biocompatibility, 

enough mechanical properties and acceptable biodegradation rate [1, 2]. Zinc is one of the most commonly 

used alloying elements in Mg due to good solid solution and precipitation strengthening [3]. At a high 

concentration the Zn has a neurotoxic effect and hinders bone development, but daily allowance level (15 mg) 

is too high versus other alloying elements [3].  

Gallium also has high strengthening potential [4, 5]. The biological effect of Ga is remained an open question 

but some good properties are known. Gallium is effective against bone resorption and osteoporosis [6] and is 

also effective in the treatment of disorders associated with accelerated bone loss, including cancer-related 

hypercalcemia and Paget’s disease [7]. Gallium decreases the corrosion rate of magnesium and does not 
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show strong cytotoxicity [8]. Coatings with gallium had a positive effect on cell adhesion and improved the 

cytocompatibility of the Mg - 10 wt.% Gd and Mg - 0.8 wt.% Ca magnesium alloys [9]. 

The goal of this work is to investigate the microstructure, mechanical and corrosion properties of Mg - 4 wt.% 

Zn - 4 wt.% Ga based alloys with small additions of Ca, Y and Nd that are good candidates for using as 

biodegradable materials. 

2. MATERIALS AND METHODS 

The alloys having a base composition Mg - 4 wt.% Zn - 4 wt.% Ga (Mg4Zn4Ga) with additions of Ca, Y and 

Nd were investigated. The following raw materials were used for alloys preparation: magnesium (99.9 wt.% 

Mg), zinc (99.98 wt.% Zn), gallium (99.99 wt.% Ga) and Mg - 30 wt.% Ca, Mg - 20 wt.% Nd, Mg - 20 wt.% Y 

master alloys. Melt was prepared using the induction furnace in a steel crucible under cover of carnallite flux. 

The cylindrical ingots were obtained by a steel permanent mold casting. The chemical composition of the alloys 

is presented in Table 1. The ingots were solution heat treated at 400 °C during 75 hours in order to dissolve 

nonequilibrium eutectic phases and homogenize structure.  

Table 1 Prepared alloys composition (wt.%) 

Alloys Mg Zn Ga Other 

Mg4Zn4Ga Bal. 4.13 4.04 - 

Mg4Zn4Ga0.05Ca Bal. 3.69 3.62 0.06 Ca 

Mg4Zn4Ga0.2Ca Bal. 3.67 3.69 0.19 Ca 

Mg4Zn4Ga0.3Y Bal. 3.73 3.59 0.30 Y 

Mg4Zn4Ga0.3Nd Bal. 3.57 3.45 0.34 Nd 

Cylinders with diameter of 20 mm for equal channel angular pressing (ECAP) were cut from ingots using spark 

cutting. The ECAP processing was carried out using a die with channel having a diameter of 20 mm and 

channel angle of 90°. The samples were processed for four passes in which the sample was rotated along its 

longitudinal axis to 90° after first pass and for 180° and 90° after second and third passes. The samples and 

die were preheated to 310 °C.  

The alloys samples were polished for metallographic observations. The microstructure analysis and energy 

dispersive X-ray spectroscopy analysis (EDS) were carried out using a Tescan Vega SBH3 Scanning Electron 

Microscope with EDS system Oxford. The alloys chemical composition was determined by EDS analysis on 

alloys metallographic sections in a surface with an area of 1 mm2. For each sample three areas were analyzed.  

In vitro corrosion test was carried out on alloy samples after ECAP processing. The disks, having 18 mm 

diameter and 5 - 6 mm height, were spark machined and grounded. The samples surface area was 

approximately 8 cm2. Samples were immersed in Hanks’ solution produced by “PanEco” company (Russian 

Federation) at 37 °C for 192 h. Hydrogen evolution by corroding specimens was measured as a function of 

time and normalized to 1 cm2 of surface area. During the corrosion test, the change of Hanks’ solution pH was 

measured as time function using pH211 Hanna Instruments pH meter. The Hanks’ solution volume was 600 

ml for Mg4Zn4Ga0.3Nd and 300 ml for other alloys in order to determine the effect of solution volume on 

corrosion rate.  
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The alloy samples after ECAP processing are spark machined for mechanical testing samples with 1.4x1 mm 

cross section and 12 mm length. Tensile tests were performed on the INSTRON 5569 universal testing 

machine. 

3. RESULTS AND DISCUSSION 

The alloys microstructures are shown in Figure 1. Microstructure of Mg4Zn4Ga alloy in as-cast condition 

consists of magnesium solid solution dendrites (Mg) and eutectic phase. In accordance with Mg - Ga and Mg 

- Zn binary phase diagrams Mg5Ga2 and Mg7Zn3 can be found in Mg - 4 wt.% Ga and Mg - 4 wt.% Zn alloys 

microstructure [10, 11]. Using EDS analysis the Zn and Ga content in eutectic phase was determined. Its 

composition changed from Mg - 5 at.% Zn - 22 at.% Ga to Mg - 22 at.% Zn - 5 at.% Ga. It is expected that the 

eutectic consists of two phases. This phases can be denoted as (Mg,Zn)5Ga2 and (Mg,Ga)7Zn3. No information 

about ternary phases is found in the literature but it can also be present in alloy structure. Ca addition is 

accumulated in (Mg,Zn)5Ga2 and (Mg,Ga)7Zn3 eutectic phases. Y and Nd formed new eutectic phases. The 

Ca, Y and Nd content in (Mg) is lower than EDS determination limit.  

The alloys microstructures changed significantly after the heat treatment during 75 h at 400 °C. In Mg4Zn4Ga 

and Mg4Zn4Ga0.05Ca alloys only small amount of spheroidized eutectic phase remained. The spherical pores 

are observed in alloys microstructure. The Zn and Ga content in (Mg) are almost the same as content of these 

elements in alloy. The bright phase on grain boundaries in Mg4Zn4Ga alloy microstructure makes possible to 

reveal the grains. The grain size in a heat treated Mg4Zn4Ga alloy is 69 µm, it was determined by linear 

intercept method. In Mg4Zn4Ga0.05Ca alloy microstructure it is the same as for Mg4Zn4Ga alloy but the grain 

boundaries are not visible. The diffusion pores are absent in Mg4Zn4Ga0.2Ca, Mg4Zn4Ga0.3Y and 

Mg4Zn4Ga0.3Nd alloys microstructures. The eutectic phase, observed on the grain boundaries of 

Mg4Zn4Ga0.2Ca alloy revealed the grains. The grain size of Mg4Zn4Ga0.2Ca alloy is 300 µm. In alloys with 

addition of Y and Nd the small eutectic particles remained in alloys structure after heat treatment. In alloys with 

Ca, Y and Nd addition after the heat treatment these elements are not present in the (Mg). That is the reason 

why the eutectic phase remains after the heat treatment. 

The Mg4Zn4Ga and Mg4Zn4Ga0.3Y alloys samples are fractured during third pass and Mg4Zn4Ga0.3Nd alloy 

sample fractured during fourth pass of ECAP. Only Mg4Zn4Ga0.05Ca and Mg4Zn4Ga0.2Ca alloys survived 

after four ECAP passes. The alloys have similar microstructure after ECAP that consists of (Mg) grains and 

particles of bright phases that were described earlier. The particles of bright phases with size near 1 μm or 

smaller can be observed inside the grains and on the grain boundaries. The grain boundaries are clearly seen 

in alloy microstructure. This made possible to measure the grain size by the linear intercept method. The 

variety of a grain size can be observed in Mg4Zn4Ga and Mg4Zn4Ga0.05Ca alloys. The microstructure of 

Mg4Zn4Ga after ECAP processing is presented in Figure 1. In the upper left part of the microstructure there 

is the one large grain surrounded by many small grains. The size of the large and the small grains is about 

150 μm and 10 μm respectively. In alloys with 0.2 - 0.3 wt.% of Ca, Y and Nd the uniform-sized grains with 

size in the range of 5 - 15 μm were observed.  

The yield strength (YS), ultimate tensile strength (UTS) and elongation (EL) of alloys after ECAP processing 

is shown in Figure 2. The YS of Mg4Zn4Ga and alloys with Ca addition are the same and near the 165 MPa. 

Addition of Y and Nd reduced YS to 140 MPa. The values of UTS are within 280 - 300 MPa for all the alloys 

except Mg4Zn4Ga0.2Ca. The UTS of Mg4Zn4Ga0.2Ca alloy is only 255 MPa. All the alloys have the high EL 

that exceeded 15 %. The maximal elongation 25 - 30 % is obtained on samples of Mg4Zn4Ga0.05Ca and 

Mg4Zn4Ga0.3Nd alloys. The obtained results showed that addition of Ca, Y and Nd to Mg4Zn4Ga does not 

provide significant change of mechanical properties.  
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Figure 1 Microstructure of alloys in as-cast condition (at left) after solution treatment at 400 °C during 75 h 

(at center) and after ECAP processing (at right) 
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Figure 2 Mechanical properties of alloys after ECAP processing 

Results of ECAP processed samples corrosion test in Hanks’ solution was shown in Figure 3. It can be seen 

that lowest corrosion rate was observed for Mg4Zn4Ga0.05Ca alloy. The small addition of Ca promotes twice 

decreasing of evaluated hydrogen amount. The 0.2 - 0.3 wt.% additions of Ca, Nd and Y results in corrosion 

rate increasing and evaluated amount of hydrogen is 4 ml/cm2 for 50 h. As a comparison the similar amount of 

hydrogen is evaluated from Mg4Zn4Ga alloy sample after 150 h corrosion test duration. The corrosion rate 

was decreased in time for all alloys except Mg4Zn4Ga0.3Nd alloy. The corrosion rate of that alloy is nearly 

constant due to the two times higher volume of Hanks’ solution (600 ml) used. The pH value of Hanks’ solution 

changed during corrosion test from 7.6 to 9.4. 

 

Figure 3 Hydrogen evolution during holding of alloys samples in Hanks’ solution at 37 °C 

4. CONCLUSION 

The microstructure of Mg4Zn4Ga alloy after ECAP processing consists of large grains with size of 150 μm 

surrounded by small grains with size of 10 μm. The small additions of 0.2 - 0.3 wt.% of Ca, Y and Nd to 

Mg4Zn4Ga alloy promote the formation of small grains with sizes 5 - 15 μm. Mentioned additions have no 
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effect on mechanical properties of Mg4Zn4Ga alloy after ECAP processing. The mechanical properties of 

Mg4Zn4Ga alloy are UTS 298 MPa, YS 167 MPa and El 23%. The increasing of corrosion rate of Mg4Zn4Ga 

alloy in Hanks’ solution after 0.2 - 0.3 wt.% additions of Ca, Nd and Y is observed. The smallest corrosion rate 

is observed for Mg4Zn4Ga alloy with 0.05% Ca. Alloys corrosion rate are decreased with time and pH are 

increased.  
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Abstract 

Magnesium and its alloys are considered for specific applications in medicine such as fixation devices, screws 

and stents. However, release of hydrogen gas, pH increase and premature failure of the mechanical integrity 

of implant material are considered as the main limitations. Zinc-based alloys offer an interesting alternative 

choice for similar kind of applications, however, some limitations are known. First of all, the human body is 

able to accept significantly lower daily doses of zinc compared to magnesium. Zinc is also quite heavy metal 

with density and young modulus highly different from that of bones. In summary, both kinds of alloys intended 

for applications in medicine behave very differently. In present work Mg-4Y-3RE magnesium-based alloy and 

Zn-1Mg-0.5Ca zinc-based alloy were selected as representative materials and the most relevant properties of 

both groups of alloys are specified. Obtained results confirmed that zinc-based alloys can compete 

magnesium-based alloys in the case of strength and corrosion rate. Unfortunately, plasticity and also 

biocompatibility of studied Zn-1Mg-0.5Ca were significantly deteriorated compared to the Mg-4Y-3RE alloy. 

Keywords: Magnesium, zinc, biodegradable materials, mechanical properties, corrosion 

1. INTRODUCTION 

Metallic biodegradable materials are intensively considered for applications in medicine like fixation devices 

as the better choice over polymers and ceramics due to higher strength, hardness, and ductility. Specifically, 

magnesium, iron, and zinc were widely investigated for such applications [1-2]. Iron exerts slow corrosion rate 

due to the quite easy passivation of the surface. Contrary, magnesium exhibits insufficiently high corrosion 

rate [3]. Therefore, both materials have to be properly alloyed in order to obtain acceptable degradation. Zinc 

is essential element for the human body as it is involved in many biological processes [4]. In addition, the 

corrosion rate of zinc is in between mentioned Fe and Mg. The upper limit of a recommended daily dose of Zn 

is 40 mg, however, even higher amounts of it are tolerated by the organism for few days [5]. The cytotoxicity 

tests have been performed on Zn alloys with positive results [6-7]. Moreover, some in-vitro tests revealed that 

the implant stained intact at least for four months and the formation of new bone tissue was observed after 

exposition [5,8]. 

However, pure Zn has low mechanical properties and the application of alloys is necessary [9-10]. Three main 

alloying elements are generally considered: Mg, Ca and Sr. Addition of Mg up to 2 wt.% significantly improves 

mechanical properties [6,9]. Higher contents of Mg lead to the creation of the brittle eutectic phase, which 

causes a decrease in the strength and plasticity [6]. Calcium is the main component of bone tissue and is 

involved in mineralization and enzymatic reactions in a human organism [11]. The reason behind the addition 

of Ca is therefore in the biological application in addition to the improvement of mechanical properties [12]. Liu 

[13] reported a significant increase of mechanical properties with the addition of 0.1 wt.% of Ca to Mg-1.5Mg 

alloy. 
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The preparation of Zn materials is relatively easy due to the low melting point and low reactivity in the molten 

state compared to Mg. Zn can be, therefore, prepared by simple casting [14]. Different intermetallic phases 

such as MgZn, MgZn2, Mg7Zn3, Mg4Zn7, and Mg2Zn11 were observed in as-casted Zn-Mg alloys depending on 

the preparation process [15]. Ternary Zn-Mg-Ca alloy contains also additional CaZn13 intermetallic phase [13]. 

However, improved mechanical properties are usually associated with thermomechanical processing [16]. Mg-

1Zn alloy examined by Gong et al. [17] exerted improvement of strength and elongation after extrusion from 

150 MPa and 1 % to 200 MPa and 10 %, respectively. Present work brings some comparison of Zn-1Mg-0.5Ca 

with one of the most advanced magnesium alloy Mg-4Y-3RE which is similar in composition to the commercial 

alloy designated as WE43. Materials were prepared in both as-cast and as-extruded states and mechanical 

and corrosion properties of both alloys are discussed. 

2. MATERIALS AND METHODS 

2.1. Materials processing 

As-cast ingots of the Mg-4Y-3RE magnesium alloy were obtained from company Magnesium Elektron CZ. 

Cylindrical billets with 30 mm in diameter were produced from this ingot and processed by extrusion. Extrusion 

of samples was performed at 400 °C, extrusion ratio 16:1 and at 0.3 mm·s-1. Zn-1Mg-0.5Ca was prepared by 

melting pure Zn (99.95 wt.%), Mg (99.96 wt.%) and Ca (99.96 wt.%) in a resistance furnace in air. To prevent 

excessive evaporation of volatile zinc, the melting temperature did not exceed 550 °C, and homogenization 

was ensured by intense mechanical stirring with a graphite rod. After sufficient homogenization, the melts were 

poured into a cast-iron metal mould to prepare cylindrical ingots of 50 mm in diameter and 120 mm in length. 

Chemical composition of studied materials was verified by atomic absorption spectrometry (AAS - AGILENT 

280 FS AA spectrometer), as shown in Table 1. 

Table 1 Chemical composition of studied alloys (values are given in wt.%) 

Chemical composition  Mg Ca Zn Y Nd Gd Dy Zr 

Zn-1Mg-0.5Ca 0.78 0.48 bulk - - - - - 

Mg-4Y-3RE bulk - - 3.62 2.24 0.28 0.35 0.43 

2.2. Microstructure 

The microstructure studies were performed using light microscopy (OM) and scanning electron microscopy 

(SEM, Tescan Vega 3 LMU). Preparation of the samples consisted of mechanical grinding, polishing and final 

etching of Mg-4Y-3RE in a solution containing 10 ml of acetic acid, 4.2 g of picric acid, 10 ml of distilled water 

and 70 ml of ethanol. The Zn-1Mg-0.5Ca alloy was etched in the solution containing 2 ml of nitric acid and 100 

ml of ethanol. Phase and chemical composition were characterized by energy dispersion spectrometry (EDS 

- Oxford Instruments AZtec) and X-ray diffraction (X’Pert Philips, 30 mA, 40 kV, X-ray radiation Cu Kα), 

respectively. 

2.3. Mechanical properties 

Tensile tests were performed according to the standard ČSN EN ISO 6892-1 on cylindrical samples in the 

shape of dog bone with 4 mm in diameter. These tests were carried out at the strain rate 0.001 s-1 on the 

mechanical testing machine (Lab Test 5.250SP1-VM).Tensile yield strength (TYS), ultimate tensile strength 

(UTS) and Elongation (E) were determined from obtained data. 
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2.4. Corrosion 

Corrosion behaviour was studied by immersion tests that were performed in a simulated body fluid (SBF) 
environment, whose composition is given in Table 2. Samples were first ground with SiC abrasive papers 

(P4000) and degreased with ethanol. Then, cylinders about 6 mm in diameter and 15 mm high were immersed 

in the SBF for 168 hours at 37 °C. The ratio of the volume of SBF to the surface area of each specimen was 

kept at 80 ml·cm-2. After the corrosion tests, corrosion products were removed using a solution of 200 g·l-1 

CrO3, 10 g·l-1 AgNO3, and 20 g·l-1 Ba(NO3)2 at 25 °C for magnesium-based alloy and at 70 °C for zinc-based 

alloy. Corrosion rates were calculated from the weight losses measured with the accuracy of 0.1 mg and by 

the measurement of the total quantity of Mg or Zn ions released during corrosion by AAS. Each immersion test 

was performed three times. 

Table 2 The chemical composition of the simulated body fluid (SBF) 

 Na+ K+ Mg2+ Ca2+ Cl- HCO3- HPO4
2- SO4

2- 

Concentration (g·l-1) 142 5.0 1 2.5 109 27 1 1 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

The microstructure of as-cast materials is displayed in Figure 1a. Mg-4Y-3RE alloy is characterized by average 

grain size of 30 ± 9 μm. It consists of the solid solution of α-Mg, eutectic β-phase (Mg14Nd2Y) and also Mg41Nd5 

and Mg24Y5 phases. Similar phases have been often observed in the microstructure of Mg-Y-Nd alloys [18-

21]. The as-cast state is characterized by strong dendritic microsegregation with differences in Y and Nd 

concentrations between dendrite cores and dendrite edges. The concentration of Y and Nd in dendrite cores 

reached about 1.5 - 2.2 and 0.5 - 1.1 wt.%, respectively. After extrusion of the Mg-4Y-3RE alloy, the 

microstructure was almost completely recrystallized and intermetallic phases with up to 2 µm in size were 
rearranged in the rows parallel to the extrusion direction (Figure 2a). These phases contained about 28 wt.% 

of Nd, 12 wt.% of Y, and about 1 wt.% of Gd and correspond to the equilibrium β phase (Mg14Nd2Y). Two 

additional phases were observed in the microstructure. Specific blocked-shaped particles with edges of 0.2 - 

1 µm containing about 48.5 wt.% Y, 8.6 wt.% Nd, 2 wt.% of both Dy and Gd correspond to the Mg24Y5 phase. 

In addition, Mg42Nd5 phase, which is commonly observed in the as-cast state of WE43 alloy, was observed. 

The solid solution of α-Mg observed between stringers contained about 2 wt.% Y, 1 wt.% Nd, and about 0.4 

wt.% Zr. The grain size of extruded alloy ranged between 0.5 and 7 µm and the average grain size reach 2.6 

± 1.8 µm. Generally, extrusion process led to obvious refinement of the microstructure, rearrangement of 

intermetallic phases and removing of the dendritic microsegregation. All these phenomena have a strong effect 

on both mechanical and corrosion properties of the studied material. 

The microstructure of the as-cast Zn-1Mg-0.5Ca alloy is composed of primary zinc dendrites and a non-
equilibrium eutectic mixture of α-Zn + MgZn2 (Figure 1a). Such eutectic mixture is preferentially formed at 

higher solidification temperatures, which is in our case fulfilled by casting to the non-preheated mould. In 

addition, huge block-shaped particles of CaZn13 can be observed. Based on EDS measurements, primary Zn 

contains a negligible concentration of alloying elements like Mg and Ca. This is in good agreement with phase 

diagrams and solubility limits for mentioned two elements in Zn which are near zero at laboratory temperature 
[22]. The microstructure of the hot-extruded Zn-1Mg-0.5Ca alloy is illustrated in Figure 2b. CaZn13 phases, 

which have remained in their original state are seen as sharp-edged particles with size up to 10 µm. Also, 
eutectic mixture is preserved (Figure 2b). The extruded material was characterized by completely 

recrystallized microstructure without observable deformation texture suggesting that dynamic recrystallization 

was completed during the hot extrusion process. 
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Figure 1 Microstructure of the as-cast alloys (SEM): a) Mg-4Y-3RE, b) Zn-1Mg-0.5Ca 

 

Figure 2 Microstructure of the as-extruded alloys (OM): a) Mg-4Y-3RE, b) Zn-1Mg-0.5Ca 

3.2. Mechanical properties 

Mechanical properties of studied materials are depicted in Figure 3. The Mg-4Y-3RE and Zn-1Mg-0.5Ca alloys 

in the as-cast state are characterized by TYS/UTS values about 140/215 and 175/235 MPa, respectively. 

These values are significantly improved after extrusion process up to 250/300 MPa for Mg-4Y-3RE and 

315/325 MPa for Zn-1Mg-0.5Ca. However, elongation to fracture is decreased for extruded specimens up to 

1.6 and 0.5 % for Mg-4Y-3RE and Zn-1Mg-0.5Ca, respectively. It is worth to mention that also elongations of 

the as-cast materials are quite poor and reaches at maximum of about 7 %. The main factors which are 

responsible for mechanical behaviour are different for both kinds of materials. 

In the case of Mg-4Y-3RE, three different strengthening mechanisms can be considered (1. strengthening by 

grain boundaries (Hall-Petch relation), 2. strengthening by secondary phases and 3. solid solution 

strengthening). Due to the low grain size of both as-cast and as-extruded Mg-based alloy, grain boundaries 

are considered as the main strengthening factor. Alloying elements like Nd and especially Y are dissolved in 

magnesium solid solution. Solid solution strengthening is related to the difference in the atomic radii and shear 

modulus of the elements dissolved in the solid solution and the magnesium. Atoms of Y and Nd reach a 

comparable size of 0.18 nm. Compared to the atomic radius of magnesium (0.16 nm), this is a 12 % difference. 

Therefore, it can be assumed that the presence of a higher concentration of these elements in the solid solution 

has a direct effect on mechanical properties. In addition shear modules of Nd, Y and Mg are 16.3, 25.6 and 17 

GPa [23]. Therefore the dominant strengthening effect of Y in the solid solution is assumed. Precipitation 
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strengthening is also generally considered in magnesium-based alloys. However, Mg-4Y-3RE was processed 

by extrusion at 400 °C, which is a quite high temperature and stable β phases are preferentially formed. These 

phases have only miner strengthening effect [24], therefore expected contribution to measured values of TYS 

and UTS is low. 

Mechanical properties of Zn-1Mg-0.5Ca are affected by the slightly different way. Firstly, secondary dendrite 

arm spacing or grain boundaries have also the dominant effect on observed values of TYS in the as-cast (C) 

and as-extruded (E) conditions. However, the effect of solid solution strengthening is expected to be very low 

because the solubility of Ca or Mg in primary Zn is almost zero at 25 °C. This is the main reason, why the 

microstructure of the as-cast and also as-extruded material contains the high fraction of eutectic MgZn2 phase 

and coarse particles of CaZn13. Both these phases are considered to have strengthening effect but they also 
highly deteriorate plasticity of the alloy (Figure 3). 

 

Figure 3 Tensile mechanical properties of Mg-4Y-3RE and Zn-1Mg-0.5Ca alloys 

3.3. Corrosion 

Corrosion rates of Mg-based and Zn-based alloys are displayed in Figure 4. Although from the perspective of 

corrosion rate, Zn-1Mg-0.5Ca is characterized by about one third corrosion rate compared to the extruded Mg-

4Y-3RE, the corrosion mechanism is highly different. The anodic reaction of both kinds of materials is the 

dissolution of matrix elements and release of Zn2+ or Mg2+ ions. Such anodic reaction must be accompanied 
by the cathodic reaction, which is equation (1) in the case of Mg and equation (2) in the case of Zn [14]. 

Therefore, magnesium corrosion is accompanied by hydrogen release, which is known complication during 

healing of damaged tissue. On the contrary, no hydrogen is generally produced during corrosion of Zn-based 

materials. This is one of the main advantages of zinc. 

2 H2O + 2 e- → H2 + 2 OH-          (1) 

2 H2O + O2 + 4 e- → 4 OH-          (2) 

It is evident from Figure 4 that corrosion rate of Mg-4Y-3RE is decreased after corrosion, which is caused by 

more homogenous microstructure an also lower grain size. However, the as-cast and as-extruded  

Zn-1Mg-0.5Ca corrodes by similar corrosion rate. Corrosion starts by dissolution of eutectic phase enriched 

by Mg and intermetallic phase enriched by Ca because these elements are less noble than zinc. Generally, 

such behaviour is contradictory to Mg-based materials, where the majority of alloying elements is nobler than 

magnesium, and therefore, intermetallic phases containing these elements work as cathodic sites and 

stimulate the dissolution of magnesium matrix. Therefore, the presence of intermetallic phases has a negative 

impact especially on corrosion of magnesium-based alloys. 
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Figure 4 Corrosion rates of Mg-4Y-3RE and Zn-1Mg-0.5Ca alloys 

4. CONCLUSION 

Present paper deals with the comparison of two different materials considered for application in medicine as 

biodegradable materials. The Mg-4Y-RE alloy is well known commercial materials which are characterized by 

a good combination of mechanical and corrosion properties. On the contrary, the Zn-1Mg-0.5Ca alloy is 

material specifically developed for applications in medicine. Over the low concentration of alloying elements, 

this alloy can reach TYS and UTS values between about 315 and 325 MPa, which is slightly higher compared 

to the extruded Mg-4Y-3RE. Also, the corrosion rate of the Zn-based alloy is really promising because it 

represents about one-third of the corrosion rate of Mg-4Y-3RE. Unfortunately, Zn-1Mg-0.5Ca is a really brittle 

material with almost no signs of plasticity during tensile loading, which is unacceptable for various applications 

in medicine.   
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Abstract 

The Mg - 2.2-3.8 wt.% Zn - 0.3-0.7 wt.% Ca - 0-0.9 wt.% Mn alloys as a material for the production of 

biodegradable implants was investigated. Equal-channel angular pressing (ECAP) to improve the grain 

structure and mechanical properties of the alloys was used. The microstructure and phase composition of 

alloys were determined using scanning electron microscopy and energy dispersive X-ray spectroscopy. The 

phase diagrams and alloys phase composition were calculated using the Thermo-Calc software. For the alloy 

sample, a differential thermal analysis (DTA) was carried out. The mechanical properties and corrosion 

properties of ECAP processed alloys were investigated. In vitro corrosion test by hydrogen evolution method 

was carried out in Hank’s solution. The alloys containing Mn were composed of primary solid solution (Mg), 

manganese particles (Mn) and eutectic (Mg) + (Mn) + Ca2Mg6Zn3. The alloys without Mn were composed of 

primary solid solution (Mg) and eutectic (Mg) + Ca2Mg6Zn3. The alloys have a wide equilibrium crystallization 

range of about 250 °С. The solute treatment of alloys leads to an increase of the zinc concentration in the (Mg) 

solid solution. Calcium and manganese are slightly soluble in (Mg) solid solution. The obtained samples of Mg-

Zn-Ca and Mg-Zn-Ca-Mn alloys have ultimate strength (UTS) from 220 to 240 MPa, and elongation (El) from 

17 to 29 % after ECAP. The corrosion test was executed for 192 hours. All investigated alloys showed 

approximately the same result. The manganese addition didn't affect the corrosion resistance of the 

investigated alloy after ECAP. 

Keywords: Biodegradable magnesium alloys, Mg-Zn-Ca-Mn, Mg-Zn-Ca, ECAP, corrosion 

1. INTRODUCTION 

Biodegradable magnesium alloys are designed to provide temporary support and connectivity during the 

healing process in damaged tissue [1]. Those alloys gradually degrade and are replaced by own bone tissue 

when they are restored [1, 2]. Magnesium alloys are good material for the production of biodegradable implants 

combine a number of useful properties at a low cost. However, because of insufficient strength and corrosion 

resistance, these alloys do not always meet the requirements [3, 4]. The severe plastic deformation treatment 

(SPD) can improve the grain structure of metallic materials [5]. The most effective method of SPD is equal-

channel angular pressing (ECAP) [6]. Some elements, for example Ca, Zn, Mn, lower the biodegradation rate 

of magnesium alloys [7]. Their use in combination with ECAP makes it possible to obtain biodegradable 

materials with good mechanical and corrosion properties. 
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Zinc is one of the most commonly used alloying elements in Mg and has very low neurotoxic effect [4, 8]. It is 

also known that calcium is a major component in human bone and calcium is also essential in chemical 

signaling with cells and Mg - Ca alloys did not induce toxicity to cells [9]. Therefore, the Mg alloys containing 

Zn and Ca are promising as biodegradable materials [9]. Addition of Zn from 1 to 6 wt.% increases the yield 

strength (YS) of the binary Mg-Zn alloy, but the optimum content of Zn is 4 wt.% [10, 11]. Calcium is a grain 

refiner for Mg based alloys [12] and improves the mechanical and corrosion properties of Mg - Zn alloys [13, 

14]. The maximum addition of Ca in the Mg alloy with Zn does not exceed 0.5-1 wt.% [10, 15]. Mn also 

promotes grain refinement and improves tensile strength of magnesium alloys [15]. 

The goal of this work is to investigate the microstructure, mechanical and corrosion properties of Mg - Zn - Ca 

and Mg - Zn - Ca - Mn alloys in as-cast and ECAP states that are good candidates for using as biodegradable 

materials. 

2. MATERIALS AND METHODS 

For alloys preparation as raw materials commercial purity magnesium (99.9 wt.% Mg), zinc (99.98 wt.% Zn) 

and Mg - 30 wt.% Ca and Mg - 2.7 wt.% Mn own production master alloys were used. Melt prepared using 

induction furnace in a steel crucible under cover of carnallite flux. Cylindrical ingots with diameter of 35 mm 
were cast in a steel permanent mold. The chemical composition of alloys is presented in Table 1.  

Table 1 The elements content in alloys (wt.%) 

Alloys Mg Zn Ca Mn 

MCZ1 Bal. 3.8 0.3 0.9 

MCZ2 Bal. 2.2 0.7 - 

MCZ3 Bal. 3.6 0.5 - 

MCZ4 Bal. 2.2 0.4 0.8 

Cylinders for ECAP by diameter of 20 mm were cut from ingots using spark cutting. The ingots were heat 

treated at 350 °C for 8 h.  

The ECAP processing was carried out using a die with 20 mm diameter chanel and angle of 120°. The samples 

was processed for four passes in which the sample was rotated along its longitudinal axis to 180° after first 

pass and for 90° and 180° after second and third passes. Samples and die were preheated to 350 °C.  

The Thermo-Calc software with thermodynamic database TCMG4 (TCS Mg-based Alloys Database version 

4) for alloys phases composition calculation was used. 

The Tescan Vega SBH3 Scanning Electron Microscope with EDS system Oxford for microstructure and phase 

composition analysis was used. The alloys chemical composition is determined by EDS analysis in 

metallographic sections surface by area of 1 mm2. For each sample three areas are analyzed and mean 

elements content are calculated. 

The solidification range of alloys obtained using differential thermal analysis (DTA) on differential scanning 

calorimeter Labsys (SETARAM). 

Corrosion test was carried out on ECAP processed alloy samples. The disks having 12.5 mm diameter and 

3.5 mm height were spark machined and grounded. The samples surface area was 3.8 cm2. Samples were 

immersed in Hank’s solution produced by “PanEco” company (Russian Federation) at 37 °C for 192 h. 

Hydrogen evolution was measured as a function of time and normalized to 1 cm2 of specimens’ surface area. 
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During corrosion test the change in time of Hank’s solution pH was measured using pH211 Hanna Instruments 

pH meter. The volume of the Hank’s solution was 400 ml for each alloy sample. 

The ECAP processed alloy samples are spark machined for mechanical testing samples with 1.4x1 mm cross 

section and 12 mm length. Tensile tests were performed on the INSTRON 5569 universal testing machine.  

3. RESULTS AND DISCUSSION 

The alloys microstructures are shown in Figure 1. As-cast alloys MZC2 and MZC3 have similar 

microstructures, but the alloys MZC1, MZC4 differ. This is because MZC1 and MZC4 alloy contain Mn but 

MZC2 and MZC3 is Mn free. The presence of manganese in the alloy contributes to the formation of more 

branched dendrites. The alloys containing Mn (MZC1 and MZC4) were composed of primary crystals of 

magnesium solid solution (Mg), manganese particles (Mn) and eutectic (Mg) + (Mn) + Ca2Mg6Zn3. The alloys 

without Mn (MZC2 and MZC3) were composed of primary solid solution (Mg) and eutectic (Mg) + Ca2Mg6Zn3. 

In addition, at room temperature in accordance with phase composition calculation, there may exist a phase 

MgZn which can be formed during aging or after ECAP. 

The alloys liquidus and solidus temperatures calculated using the Thermo-Calc software and measured by 
differential thermal analysis (DTA) are presented in Table 2.  

Table 2 The temperature (calculated / measured) of liquidus (tliq) and solidus (tsol) for obtained alloys  

Alloys Tliq Tsol ΔT = Tliq - Tsol 

MCZ1 638/617 374/387 264/230 

MCZ2 642/627 394/406 248/221 

MCZ3 636/622 385/384 251/238 

MCZ4 641/632 394/399 247/233 

The obtained alloys have a wide equilibrium solidification range of about 250 °С. Measurements by DTA 

showed similar results. The DTA results for MZC1 and MZC4 alloys are shown in Figure 2. It can be seen that 

most of the solid is formed near the liquidus during solidification. This corresponds to the solid solution (Mg) 

formation. Close to the solidus temperature, a small amount the low-melting eutectic is formed, which will be 

concentrated along the dendrites boundaries. The melting of low-melting eutectic can lead to alloys samples 

destruction at ECAP process. The nonequilibrium solidus (Figure 2) is close to the calculated results  

(Table 2), so the heat treatment temperature was applied about 25 - 45 ° C below the equilibrium solidus. 

The tensile properties of the obtained alloys after ECAP are shown in Table 3. It can be seen the tensile 

properties of alloys are similar and have ultimate strength (UTS) from 220 to 240 MPa, and elongation (El) 

from 17 to 29 % after ECAP. A promising way to increase the UTS is to increase the degree of deformation 

due to the more elaborate ECAP processing. 

Table 3 - The tensile properties of the obtained alloys after ECAP 

Alloys YS (MPa) UTS (MPa) Elong. (%) 

MZC1 90.4 219.7 20.2 

MZC2 97.8 223.7 16.7 

MZC3 78.0 238.9 28.6 

MZC4 79.9 226.9 27.7 
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Figure 1 Microstructure of alloys in the as-cast condition (left), and after ECAP (right) 
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Figure 2 The DTA results for MZC1 (dotted line) and MZC4 (solid line) alloys. Blue is cooling line and red is 

heating line. Heating / cooling rate 10 K / min 

The corrosion properties of the alloys after ECAP are shown in Figure 3. It can be seen that the corrosive 

properties of alloys are similar after 192 h in Hank's solution. The Hank's solution pH varied from 7.5 at the 

start corrosion test to 8.7 at the end. The increase Hank's solution pH is a consequence the OH¯ ions 

accumulation due to the corrosion products formation, for example, Mg(OH)2.  

 

Figure 3 The alloys corrosion test results after ECAP 

The hydrogen evolution was from 0.00063 to 0.00042 ml/mm2·h and the maximum hydrogen evolution rate 

from 0.002 to 0.003 ml/mm2·h was observed after the first 4 hours. This can be explained by the oxide film 

absence on alloys samples surface at the tests beginning. Then the hydrogen evolution rate decreased and 

was practically constant until the test end. It is known [16] the reaction of hydrogen evolution is controlled by 

reactants or products diffusion through the alloy surface film at solution pH ≤11. Therefore, a stable oxide film 

on the investigated alloys is formed for approximately 4 hours in the Hank’s solution. It is possible to effectively 

control the alloy corrosion rate by changing the oxide film properties. 
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4. CONCLUSION 

The tensile properties of Mg - 2.2-3.8 wt.% Zn - 0.3-0.7 wt.% Ca - 0-0.9 wt.% Mn alloys after ECAP are similar 

and have UTS from 220 to 240 MPa, YS from 80 to 98 MPa and El from 17 to 29 %. The alloys were composed 

of primary solid solution (Mg) and eutectic (Mg) + Ca2Mg6Zn3. The Mn addition is causes the formation of small 

manganese particles (Mn) into magnesium solid solution (Mg) and eutectic (Mg) + (Mn) + Ca2Mg6Zn3 

formation. The investigated alloys have solidification range about 250 °C. The corrosion properties of the alloys 

after ECAP are similar after 192 h in Hank's solution for all alloys. The Hank's solution pH varied from 7.5 at 

the start corrosion test to 8.7 at the end. Manganese does not affect the corrosion and tensile properties of 

alloys. 

ACKNOWLEDGEMENTS   

The research has been financial supported by the Increased Competitiveness Program of NUST 
“MISIS”, grant #K2-2018-011. 

REFERENCES 

[1] HERMAWAN, H. Biodegradable Metals, Springer Briefs in Materials. 2012. Berlin, Heidelberg: Springer. 

[2] STAIGER, M.P., PIETAK, A.M., HUADMAI, J. and DIAS, G. Magnesium and its alloys as orthopedic biomaterials: 
A review. Biomaterials. 2006. vol. 27, pp. 1728-1734. 

[3] GU, X.-N., LI, S.-S., LI, X.-M. and FAN, Y.-B. Magnesium based degradable biomaterials: A review. Frontiers of 
Materials Science. 2014. vol. 8, pp. 200-218.  

[4] GU, X.-N. and ZHENG, Y.-F. A review on magnesium alloys as biodegradable materials. Frontiers of Materials 
Science in China. 2010. vol. 4, pp. 111-115.  

[5] VALIEV R.Z. and LANGDON T.G. Principles of equal-channel angular pressing as a processing tool for grain 
refinement. Progress in Materials Science. 2006. vol. 51, no. 7. pp. 881-981. 

[6] FIGUEIREDO R.B. and LANGDON T.G. Principles of grain refinement and superplastic flow in magnesium alloys 
processed by ECAP Materials Science and Engineering: A. 2009. vol. 501, no. 1-2. pp. 105-114. 

[7] SONG, G. Control of biodegradation of biocompatable magnesium alloys. Corrosion Science. 2007. vol. 49, pp. 

1696-1701.  

[8] ZHANG, S., ZHANG, X., ZHAO, C., LI, J., SONG, Y., XIE, C., TAO, H., ZHANG, Y., HE, Y. and JIANG, Y. 
Research on an Mg-Zn alloy as a degradable biomaterial. Acta Biomaterialia. 2010. vol. 6, pp. 626-640.  

[9] LI, Z., GU, X., LOU, S. and ZHENG, Y., The development of binary Mg-Ca alloys for use as biodegradable 
materials within bone. Biomaterials. 2008, vol. 29, pp. 1329-1344. 

[10] WANG, H.X., GUAN, S.K., WANG, X., REN, C.X. and WANG, L.G. In vitro degradation and mechanical integrity 
of Mg-Zn-Ca alloy coated with Ca-deficient hydroxyapatite by the pulse electrodeposition process. Acta 

Biomaterialia. 2010. vol. 6, pp. 1743-1748.  

[11] CHEN, Y., XU, Z., SMITH, C. and SANKAR, J. Recent advances on the development of magnesium alloys for 

biodegradable implants. Acta Biomaterialia. 2014. vol. 10, pp. 4561-4573.  

[12] STJOHN, D.H., QIAN, M.A., EASTON, M.A., CAO, P. and HILDEBRAND, Z. Grain refinement of magnesium 

alloys. Metallurgical and Materials Transactions A. 2005. vol. 36, pp. 1669-1679. 

[13] BETTLES, C. Enhanced age-hardening behaviour in Mg-4 wt.% Zn micro-alloyed with Ca. Scripta Materialia. 

2004. vol. 51, pp. 193-197.  

[14] LU, Y., BRADSHAW, A.R., CHIU, Y.L. and JONES, I.P. Effects of secondary phase and grain size on the 

corrosion of biodegradable Mg-Zn-Ca alloys. Materials Science and Engineering: C. 2015. vol. 48, pp. 480-486.  

[15] ZHANG, E. and YANG, L. Microstructure, mechanical properties and bio-corrosion properties of Mg-Zn-Mn-Ca 

alloy for biomedical application. Materials Science and Engineering: A. 2008. vol. 497, pp. 111-118.  

[16] MAKAR, G. and KRUGER, J. Corrosion of magnesium. International Materials Reviews. 1993. vol. 38, no. 3. pp. 

138-153. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1394 

USE OF ACOUSTIC EMISSION FOR THE COMPLEX STUDY OF MAGNESIUM ALLOYS 

Jan ČAPEK 1,2a, Peter MINÁRIK 1b, Michal KNAPEK 1c  

1Department of Physics of Materials, Charles University, Prague, Czech Republic, EU 

2Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut, Villigan, Switzerland 
ajan.capek@psi.ch, bpeter.minarik@mff.cuni.cz, cknapek@karlov.mff.cuni.cz  

Abstract  

Acoustic emission (AE) has been used to study magnesium alloys for many years. The advantage of AE is 

getting the data from the entire volume with high time resolution. The determination of the source of AE is an 

important task. We use a new method of evaluation of the AE signal: Adaptive Sequential K-means (ASK) 

analysis and its advantages for studying mechanical and corrosion properties of magnesium alloys. It uses the 

discrete Fourier transformation and statistical approach to discriminate between the different sources of AE. 

The results are presented on mechanical tests of rolled AZ31 sheet with high texture and corrosion behavior 

of pure magnesium and WE43 magnesium alloy. 

Keywords: Magnesium, acoustic emission, mechanical testing, corrosion 

1. INTRODUCTION 

1.1. Acoustic emission 

The acoustic emission (AE) has been found as a powerful non-destructive technique for study of deformation 

mechanisms. It gives information from entire volume about the dynamic processes during plastic deformation 

or corrosion processes. Although the sources of AE have generally different characteristics, it is still 

challenging task to make difference between them because of their concurrent activity[1, 2]. Moreover, the 

signal is modulated by the sample shape, microstructural characteristics or characteristics of the sensor. The 

classic approach of evaluation of AE data, so called hit-based processing, is based on setting parameters, 

which define the AE event (threshold level, hit definition time, …) [3]. The system saves the parameters of the 

AE event (amplitude, duration, counts, energy, …). In materials science, this approach can be successfully 

applied for general characterization, when the main goal is the investigation of the influence of the experimental 

and material parameters on the deformation behavior (e.g. [4, 5]). 

There is a general agreement that the waveforms of particular AE processes are different [6], therefore, the 

spectrum-based analysis, when the characteristic features of frequency domain of the waveforms are 

investigated, can help to discriminate between the different sources of AE. In our work we applied the algorithm 

of Pomponi and Vinogradov [7, 8] - Adaptive Sequential K-means (ASK) analysis. Data are sectioned into 

consecutive individual realizations (“frames”) with length in order of μs and the power spectral density (PSD) 

function 8�l� is calculated for each frame computing the discrete Fourier transformation. 

          (1) 

where t0 and t1 are the time boundaries of selected frame and ω is a frequency, which is in range from 0 to f/2, 

where f is the sampling frequency. Discrimination between the signals coming from different sources is done 

on the statistical basis.  
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1.2. Magnesium alloys 

Magnesium alloys represent the lowest density structural metals (along with toxic beryllium) and, thus, is a 

highly interesting material for modern applications. Moreover, it is possible to get outstanding mechanical 

properties with biocompatibility and increased corrosion resistance by alloying of magnesium [9, 10]. The 

investigation of mechanical properties of magnesium alloys is still a challenging task. The hexagonal close-

packed structure causes complex deformation behavior of magnesium alloys, where the concurrent activity of 

several deformation mechanisms (basal slip, non-basal slip, twinning) is necessary. The activity of individual 

deformation mechanism is strongly dependent on the texture, alloying elements or temperature. 

The investigation of corrosion behavior of magnesium alloys as an important task as well. The biocompatibility 

of magnesium and its corrosion properties predicts the use of magnesium alloys as biodegradable implants in 

medicine. There are three stages of pitting corrosion when exposed to environments containing chlorine ions: 

pit nucleation, development of metastable pits, which either repassivate or grow into stable pits further 

propagating into the material [11]. These processes are the source of AE and the signal analysis can provide 

deeper analysis of the corrosion processes. 

2. MATERIAL AND EXPERIMENTAL METHODS 

The deformation tests were performed on rolled AZ31 sheet. The coordinate system related to the sheet is the 

rolling direction (RD), normal direction (ND) - out of the sheet plane and transverse direction (TD). The sheet 
has a strong basal texture in ND (Figure 1). For deformation tests, samples of 6.5x6.5x10 mm3 were cut out 

from the billets. The samples were cut in the RD, 45° and ND. Texture in RD is favorably oriented  

for twinning and prismatic slip, the 45° samples are favorably oriented for basal slip and the samples in ND 

are oriented favorably for the 2nd order pyramidal slip. The samples were deformed at the deformation  

rate 10-3 s-1. 

 

Figure 1 Pole figure of rolled AZ31 alloy 

The corrosion tests were performed on two different magnesium alloys, pure magnesium and WE43  

(Mg - 3.8 wt.% Y - 2.6 wt.% RE - 0.45 wt.% Zr - 0.01 wt.% Mn), both under as-cast condition. In order  

to minimize the influence of secondary phases, the cast billets were homogenized and solution treated  

at 525 °C for 16 h (T4 treatment) and quenched into water. The grain size after the treatment was ~110 and 

~1000 µm for Mg and WE43, respectively. Samples with dimensions of 10 x 10 x 50 mm were cut from both 

materials and one side of each sample was wet ground using a 1200 grit SiC paper shortly before each test. 

A standard three electron setup was used for the electrochemical experiments. The samples were exposed to 

neutral 0.1 M NaCl solution at room temperature which was prepared using deionized water. The samples 

were kept at open circuit potential (OCP) at room temperature for 300 s. Anodic potentiodynamic polarization 

was subsequently carried out from 150 mV below OCP at a scan rate of 1 mV/s. 

The AE was measured by the PCI-2 device from Physical Acoustics Corporation. Piezoelectric wideband PAC 

Micro30S AE sensor was used in order to record the broad AE signal spectra needed for the analyses. The 
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signal was recorded with a sampling rate of 5 MHz for the deformation tests and 2 MHz for corrosion tests and 

the signal was preamplified by a PAC 2/4/6 preamplifier (60 dB gain). 

3. RESULTS 

3.1. Deformation tests 

The deformation curves with raw AE response are shown in Figure 2. The yield stress of RD and 45 samples 

is the same, 88 MPa, while 150 MPa for ND sample. Also the shape of RD and 45 curves exhibits the S-shape 

which is typical for the  extension twinning, while the curve of the sample in ND has a convex shape. In 

contrast, the AE response is similar for ND and 45 directions and much stronger for the RD. 

         

 

Figure 2 Deformation curves with the raw AE signal 

The raw signal was evaluated by the ASK analysis. The signal was naturally separated into 4 different clusters 
which were assigned to noise, basal slip and twinning (Figure 3). For criterion of assigning the sources to 

clusters see [12]. All the samples exhibit the early appearance of basal slip which is consistent with the low 

CRSS of basal slip. The main difference between the samples is the activity of twinning. The cluster assigned 

to twinning is dominant around the yield point for all the orientation. The RD sample exhibits twinning up to 6% 

of deformation. This is consistent with the dominant orientation of the sample and the fact that twinning can 

accommodate up to 6.4% of deformation[13]. The twinning cluster is followed again by the basal one. This 

predicts that basal slip is a dominant deformation mechanism in twins. This does not mean that basal slip is 

not active during the previous deformation stage, only that the twinning is the stronger source of AE. 

{ }2110
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Figure 3 Relative activity of AE sources evaluated by ASK analysis and the projection of the clusters in 

median frequency vs. energy diagrams 

The main difference between the samples is the activity of twinning. The cluster assigned to twinning is 

dominant around the yield point for all the orientation. The RD sample exhibits twinning up to 6% of 

deformation. This is consistent with the dominant orientation of the sample and the fact that twinning can 

accommodate up to 6.4% of deformation [13]. The twinning cluster is followed again by the basal one. This 

predicts that basal slip is a dominant deformation mechanism in twins. This does not mean that basal slip is 

not active during the previous deformation stage, only that the twinning is the stronger source of AE. 
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The sample 45 exhibits similar AE as RD sample. The twinning cluster is again dominant around the yield 

point, however, the basal slip starts to be dominant around 3% of deformation. The result is consistent with 

the fact, that the texture is more favorable for basal slip that for twinning and basal slip is the main deformation 

mechanism. 

The appearance of the twinning cluster in ND sample is limited to the yield point and the twinning is not a 

dominant mechanism. The ND sample is oriented unfavorably for twinning, therefore, only few grains can 

undergo twinning[14]. Another difference between the ND sample and the others is the appearance of another 

source of AE marked as Cluster 4. The assignment of the deformation mechanism to this source of AE is more 

complicated and further investigation would be necessary. It can be either the 2nd order pyramidal slip or 

compressive twinning. 

3.2. Corrosion tests 

The AE results recorded during potentiodynamic tests are presented at Figure 4 together with the current 

density and its derivation. It is possible to observe, that at the moment when the current density starts to 

increase significantly also the AE response rise. Another important observation is that the AE response is 

significantly higher for WE43 than for pure Mg. However, these parameters do not say anything about the 

source of AE.  

    

Figure 4 Acoustic emission count rate recorded during the anodic polarisation test on pure Mg and WE43 

alloy displayed together with the absolute value of current density and its derivation 

   

Figure 5 Time evolution of the relative activity of clusters for pure Mg and WE43 alloy 
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The ASK analysis done on the raw AE signal is shown at Figure 5. The signal was separated into three clusters 

(C1, C2, C3). Different evolution of a relative cluster activity can be observed. The corrosion process of WE43 

alloy can be divided into 3 stages. Stage I is characterized by the high activity of cluster 3. This stage is present 

only for WE43 alloy. Cluster 1 dominates during the stage II and the concurrent activity of clusters 2 and 3 was 

measured during the stage III. The WE43 alloy is known to create the stronger protective layer [15]. The first 

stage of the corrosion process in WE43 will be the creation of the protective layer which is followed by its 

rupture. This is in agreement with our results. Cluster 3 (black) can be assigned to the ion exchange and cluster 

1 (red) can be assigned to the rupture of the protective film. The cluster 2 (green) is active mainly at the end 

of the corrosion process. This suggests that the source is the stable pitting corrosion. 

4. CONCLUSION 

We showed that the advanced analysis of AE signal can provide additional information about the deformation 

and corrosion processes in magnesium alloys. The ASK analysis was used to determine the active deformation 

mechanisms in the textured AZ31 samples. The results show the decrease of the twinning activity with the 

rotation of the basal planes in the direction of loading, which is consistent with the decrease of the Schmid 

factor for twinning. 

The ASK analysis of AE signal recorded during the corrosion of pure Mg and WE43 showed different evolution 

of corrosion mechanisms for both alloys. The results are consistent with the known facts about the samples. 

We can conclude that the ASK analysis proved to be powerful tool to investigate the properties of magnesium 

alloys. 
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Abstract  

Magnesium alloy AE42 was prepared by powder metallurgy technique of spark plasma sintering. The effect of 

sintering parameters, particularly sintering temperature, on the microstructure and mechanical strength was 

investigated. The gas-atomized powder was sintered at four temperatures in the temperature range of 400-

550 °C. It was found that mechanical strength of the sintered samples was significantly affected by several 

microstructural features. Application of relatively high load during sintering caused deformation of the individual 

particles and consequent recrystallization depending on the processing temperature resulted in the release of 

internal strain and in grain growth. As a result, the evolution of the mechanical strength as a function of the 

sintering temperature was significantly affected by residual stress, grain size and coarsening of secondary 

phase particles.   

Keywords: Magnesium, spark plasma sintering, microstructure, mechanical properties 

1. INTRODUCTION 

Utilization of magnesium alloys increases in many sectors of industry and there is an intensive research 

regarding further improvement of magnesium-based materials. Powder metallurgy was found to be very 

effective manufacturing approach, which help to overcome formability issues, enables good control of the final 

microstructure and complex shapes of the product with only minimum waste could be produced [1,2]. Today, 

a variety of sintering techniques have been developed, from which spark plasma sintering (SPS) is one of the 

most effective [3]. This technique was used to prepare a wide range of pure metals and alloys including 

magnesium, e.g. [4-13]. It was shown that full density (>99%) could be achieved using sintering temperatures 

from 360-550 °C. Nevertheless, the final microstructure and also resulting mechanical properties are 

significantly dependent on the sintering conditions for each alloy separately. In this investigation, a commercial 

creep resistant magnesium alloy AE42 was used. We have already shown that sintering temperature during 

SPS has a major effect on the secondary phase particles distribution, but the other microstructural features 

were almost similar within the sintering temperature range of 450-550 °C [11]. In this work, the much higher 

pressure was applied during the sintering and also the range of the sintering temperature was extended. 

2. MATERIALS AND METHODS 

Gas atomized powder of commercial AE42 (Mg-4Al-2RE) was supplied form TU Clausthal, Germany. Powder 

particles of size <80 µm were sintered using spark plasma sintering (SPS) system - type 10-4, Thermal 

technology LLC. Sintering was performed at four temperatures - 400 °C, 450 °C, 500 °C and 550 °C. The 

temperature was measured by a thermocouple placed in the graphite tooling in the vicinity of the sample. Two 

hold times were used in this study. Hold time of 10 min was used for temperatures 400 and 450 °C and 3 min 

was used for temperatures 500 and 550 °C. Prolonged hold time used for lower temperatures was selected in 

order to ensure sufficiently high density of the final product. The mechanical load was continuously increased 
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during heating to its maximum value of 100 MPa and was held during the sintering period. Afterwards, the load 

was released together with rapid cooling of the sintered sample.  

The microstructure of the initial powder and compacted samples were studied by scanning electron microscope 

(SEM) ZEISS Auriga Compact equipped with EDAX electron backscatter diffraction (EBSD) camera. Samples 

for SEM observation were mechanically polished down to 60 nm alumina solution. Subsequent ion-polishing 

by Leica EM RES120 system was used prior to EBSD measurement. The raw data from EBSD measurement 

were processed in OIM TSL 7 software, as described in detail elsewhere [14]. For each sample, four scans of 

300x300 µm were performed in order to acquire sufficient statistics.   

Microhardness of the sintered samples was investigated by fully automated system QNESS Q10 equipped 

with a Vickers indenter. Samples for the measurement were prepared similarly as for SEM observation. At 

least 50 indents were measured for each sample in order to achieve sufficient statistic. 

3. RESULTS AND DISCUSSION 

Figure 1a shows shape and size distribution of the atomized powder particles prior to the sintering and 

Figure 1b shows their microstructure in cross-section. Powder particles had mostly ellipsoidal shape and their 

size distribution was rather wide. Their microstructure dominated the eutectic lamellar structure of secondary 

phases. Combination of energy-dispersive X-ray spectroscopy and X-ray diffraction showed that these 

secondary phase particles are Al11RE3 and/or Al2RE [11]. The grain structure of these initial powder particles 

was highly dependent on the individual particle. High cooling rates during solidification resulted in irregular 

grain structure, when most of the particles contained one large grain filling up approximately half of the volume 

and plenty of small ones filling the second half, for details see [11].  

           

Figure 1 As received powder particles - (a) size and morphology and (b) microstructure (SEM) 

Four samples were sintered from the initial powder using sintering temperature in the range of 400-550 °C. 

Density determination by pycnometer revealed that almost full relative density (>98%) was achieved in all 

samples. Nevertheless, significant differences in the microstructure were observed between the individual 
samples. Figure 2 shows results of EBSD analysis, where inverse pole figure maps are presented. Calculated 

average grain size is shown for each sample in Table 1. 

Sintering temperature and hold time are considered to belong to the most important parameters of SPS. 

Exposure to higher temperature results in faster diffusion and sintering itself is more effective. On the other 

hand, application of high temperature usually results in coarsening of the microstructure and, as reported 

previously, into coarsening of fine particles and precipitates [4,11,14]. This is often not welcome, especially 

with regard to the mechanical properties. In this report, the effect of sintering temperature on the mechanical 
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properties was studied by means of microhardness. The results are shown in Figure 3 and clearly indicate 

that continuous increase of sintering temperature results in continuous loss of mechanical strength.  

 

Figure 2 EBSD IPF maps of samples sintered at (a) 400 °C, (b) 450 °C, (c) 500 °C and (d) 550 °C 

 

Figure 3 Evolution of microhardness as a function of sintering temperature 

Deterioration of the microhardness with increasing temperature could be directly attributed to the 

microstructural changes in the material. In our previous report, the effect of the sintering temperature on the 

microstructure and mechanical properties was studied as well, however, such decrease of mechanical strength 

was not observed [11]. The main difference between these two studies was in the magnitude of applied load 

during sintering. 80 MPa used in that study did not cause major changes in the microstructure through residual 

stress or recrystallization, nor statistically significant change in the average grain size was measured. The only 

difference in the microstructure between the individual samples was coarsening of the fine lamellar structure, 

which caused measurable loss of the mechanical strength. Similar coarsening of was observed in samples 

sintered with a load of 100 MPa as well (not shown here). However, in this study more pronounced drop of 

microhardness was observed between the two limit temperatures and the change was almost continuous. 
Origin of such deterioration stems from the simultaneous evolution of other microstructural features besides 

secondary phase particles coarsening. This assumption is particularly relevant with regard to the evolution of 

average grain size. The abrupt change of microhardness between 450 and 500 °C could be associated to the 

sudden increase of average grain size in the same temperature region, however, the grain size evolution 

doesn’t correlate with the other two parts of microhardness evolution.  

In order to attain deeper knowledge about the microstructure evolution, grain boundary maps, kernel average 
misorientation (KAM) maps and grains with misorientation spread < 1.5° are shown in Figure 4. Additionally, 

characteristic parameters as a fraction of small grains (< 5 µm), a fraction of high angle grain boundaries 

T (°C) 

H
V
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(HAGB) and a fraction of grains with grain orientation spread (GOS) < 1.5° was calculated from each measured 
EBSD dataset and the resulting average values are shown in Table 1.  

 

Figure 4 Maps calculated from EBSD data. (a) grain boundary map (misorientation > 15° - black,  

< 15° - red), (b) KAM map (0° (blue) - 5° (red)) and (c) grains with GOS < 1.5° 

Table 1 Evolution of average grain size, microhardness, a fraction of grains with size < 5 µm, HAGB and  

  grains with GOS < 1.5° as a function of sintering temperature 

T (°C) GS (µm) HV GS < 5 µm (%) HAGB (%) GOS < 1.5° (%) 

400 17 ± 1 77 ± 2 14 ± 1 36 ± 1 9 ± 2 

450 17 ± 2 75 ± 2 11 ± 1 47 ± 4 24 ± 2 

500 22 ± 2 68 ± 2 7 ± 1 59 ± 2 46 ± 1 

550 22 ± 2 64 ± 2 4 ± 1 79 ± 2 62 ± 6 

Applied load of 100 MPa used in this study during sintering was sufficient not only to ensure relatively high 

density but pronounced deformation of the individual powder particles occurred as well. The microstructure of 

the sample compacted at 400 °C contained the highest volume fraction of small grains (<5 µm). Size of these 

grains, their distribution in the material and their volume fraction clearly indicate that they were formed during 

the sintering process. High strain applied to the material during the sintering resulted in deformation and 

application of high temperature consequently resulted in recrystallization. The degree of recrystallization was 
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directly proportional to the temperature used in the process; therefore, a continuous decrease of small grains 

fraction was observed with the increasing temperature. This conclusion is supported by other important 

attributes as well. The magnitude of residual stress, which is in this report qualitatively shown in KAM maps is 

quite high in the sample processed at the lowest temperature and decreases quickly with increasing sintering 

temperature. Recrystallization results in the transformation of the deformed structure into new, strain-free 

grains with high angle grain boundaries. Therefore, observed parameters such as HAGB fraction and fraction 

of grains with GOS <1.5° have opposite evolution as observed for the residual stress. However, an increase 

of average grain size, which often corresponds to the recrystallization degree, was not continuous. Its evolution 

was strongly affected by a broad distribution of the average grain size in the initial powder particles. 

Deformation and subsequently recrystallization occurred, especially along the former particle boundaries. 

Large grains present in the microstructure of the compacts were not completely consumed at lower 

temperatures and their presence led to an increase of the value of the average grain size calculated as an 

area fraction. As a result, the evolution of the mechanical strength as a function of the sintering temperature 

was significantly affected by residual stress, grain size and also coarsening of secondary phase particles.   

4. CONCLUSIONS 

Effect of the sintering temperature on the microstructure and mechanical properties was studied in AE42 

magnesium alloy processed by spark plasma sintering. It was found that mechanical strength of the sintered 

samples was significantly affected by several microstructural features. The highest effect could be attributed 

to the grain growth and deformation hardening which occurred due to the relatively high load applied during 

sintering - 100 MPa. Sintering at 400 °C resulted only in partial recrystallization and the largest fraction of small 

grains (< 5 µm in diameter) was observed together with relatively high residual stress stored in the material. 

The increase of the sintering temperature resulted in more pronounced recrystallization and significant loss of 

mechanical properties occurred. 
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Abstract 

Experimental study and numerical model for the thermo-mechanical properties in continuous casting (CC) of 

Cu-Al alloys is presented. This is a prerequisite basis for further development of the Cu based shape memory 

alloys (SMA) with various alloying elements (like Ni or Mn). A coupled thermo-mechanical numerical simulation 

of the CC process is implemented and applied to the full non-equilibrium process conditions. In the 

experimental part, we have used simple yet effective vertical continuous casting system. For the quantitative 

comparison, we have implemented special temperature measurement system within graphite crystallizer that 

enables us to monitor temperature profile at several spots around solidification front in real time. The present 

analysis of the various process parameters effect on the solidification process includes: casting speed, thermal 

contact conductivity, liquid metal temperature and cooling system set up. For microstructural examination we 

have prepared samples from rods that were subsequently investigated by optical microscopy, scanning 

electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDXS) analysis. Comparisons of the 

experimental results and numerical simulation have been carried out. We have developed a comprehensive 

numerical simulation model that quantitatively describes non-equilibrium time-dependent temperature profile, 

solid fraction and microstructure features in as cast state. Results from the coupled thermo-mechanical and 

microstructural simulations compare favorably with experimental data suggesting the casting speed as a key 

parameter in process optimization. 

Keywords: Material processing, continuous casting, solidification, thermo-mechanical, multiphysics 

1. INTRODUCTION 

One of the continuous efforts by the scientific community is to effectively transfer the basic knowledge from 

research results into practical industrial applications. Metallurgy and more specifically physical metallurgy is 

such a particularly successful story that made huge impact on our society over the last hundred years. Before 

the fundamental understanding of the physical phenomena involved in metallurgical processes and real nature 

of matter it was tedious and rather slow improving science. One of the basic technologies is CC that is in the 

focus of present investigation. It is appropriate whenever we need to produce long lengths of bars with uniform 

cross-section and is usually shrinkage-free. Copper based alloys are one of the main materials in many 

practical applications and among them aluminum bronzes (AB) [1] are best known for their high 

corrosion/oxidation resistance with high thermal and electrical conductivity. One further direction in the 

development of the Cu-Al systems applications is design and production of the SMA-s where in addition to 

copper and aluminum, third alloying element (like nickel or manganese) is usually introduced [2]. Despite the 

long history of usage, there are many open questions in CC technologies on the right values of the key process 

parameters for target as cast microstructure. There has been substantial progress and many refinements of 

the technology but mostly in steel production [3]. In the context of copper based alloys one of the recent 

developments is Ohno continuous casting technique [4] that can be effectively used for AB production. In fact, 
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by the very nature of the CC process, it is difficult to get quantitative information about what is going on in the 

mold so physical models became the strong alternative to direct characterization [3]. 

Today we are equipped with many advanced and highly precise physical models that utilize readily available 

computing power giving us completely new opportunities to study and improve our technologies. The basic 

fact is that macroscopic properties of the material is determined by underlying microstructure resulting from 

thermodynamics rarely close to equilibrium but more often than not the ones selected by relevant kinetics. One 

of the very successful approaches in predicting the microstructure evolution during solidification is phase field 

(PF) method and more specifically multicomponent alloy solidification version of it. Relatively comprehensive 

survey of the topic can be found in [5] and [6]. Cellular Automaton (CA) - Finite Element (FE) or CAFE model 

is another very successful simulation approach for the prediction of dendritic grain structures in solidification 

process [7] which is readily interfaced with standard FE codes like ProCAST and used for the same purpose 

as PF in this work.  

  

Figure 1 Continuous casting system. (Left) Induction furnace filled with pure Cu and Al rods prepared for 

melting. (Right) The exit of the as cast rod from the crystallizer. 

In present work, we have performed CC of the Cu-9Al system on our LAB equipment (similar to Delta Encon 

process). Straightforward characterization of the material grain structure and chemical composition is revealed 

by standard optical microscopy, SEM microscopy, and EDXS examination. We have developed two 

complementary simulation systems. First one is macroscopic scale simulation of the heat transport by 

conduction and convection that dictates the cooling of the alloy implemented in the industry FE code ProCAST. 

Second is our own PF implementation that features a simulation of the dendritic grain growth of the primary α 

phase into the undercooled melt. The model includes orientation dynamics following nucleation described by 

an additional order parameter. This code acquires local thermal gradient information from macroscale FE 

calculation. In the last section, PF simulation results are shown and compared to the experimental results. In 

concluding section we summarize the results and outline possible improvements of the present model. 

2. EXPERIMENTAL PROCEDURE 

The CC experimental setup in our LAB is shown on Figure 1. Cu-9Al melt was prepared using inert atmosphere 

at 1250ºC, which is well above liquidus temperature, from a commercial pure aluminum (99.9%) and copper 

(99.99%). The casting speed profile is a critical process parameter for ensuring CC product quality. In our case 

it is essentially regular sequence of 5 mm pulls with 0.5 - 0.7 s waiting intervals resulting in average casting 

speed of 260 mm/min. Water cooling system was set at 10 l/min (scheme of the system is shown on  
Figure 3). In the experiment and in the simulation we let system achieve stationary state so that temperature 
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field is constant on the time average. Reason is to avoid transient effects at the beginning since we cannot 

control this part of the process accurately. By CC we have obtained several meters long 8 mm in diameter rod 

with characteristic surface texture reviling pulls of the transport system. 

Material thermal properties: liquidus is estimated from equilibrium thermodynamic database value at  
TL = 1064 °C and solidus TS = 1031 °C, latent heat 233 kJ/kg and thermal conductivity, density, specific heat 

are all given as functions of temperature as given by standard databases including one within ProCAST. 

As cast material rod is cut, polished and etched in order to reveal grain structure by optical and SEM 
microscopy. Figure 2 shows a typical optical (left) and SEM micrographs (right) with well-established 

microstructure in the present system that is a mixture of α and β phases [8]. Since the driving force in this 

solidification process is thermal activation in high-temperature gradients α phase dominates even α phase 

precipitation might be suppressed since the β phase transforms to the α phase as cooling goes on. 

 
 

Figure 2 Micrographs with 500X magnification in the middle of the as cast rod: (Left) Optical microscopy. 

(Right) SEM image approximately at the same position in the sample as in the optical case. 

EDXS reveals homogenous chemical composition along the cross section giving results in the range 6.66-

7.58% of aluminum on the spots examined (near the edge and in the middle of the rod). This is in accordance 

with the observation that with high cooling rates β-phase transforms to the α-phase with fixed chemical 

composition, changing only the crystal structure. 

3. PHYSICAL MODELING 

The first part of the physical modeling consists of macroscopic thermo-mechanical simulation performed in 

ProCAST FE casting software package with CC module activation. Solidification simulation strategy is based 

on the fundamental observation that macro heat and mass transport processes govern mesoscopic 

microstructure evolution process, by determining a number of key conditions like local thermal gradients. Data 

obtained in this simulation were exported and imposed as thermal conditions for the micro system. We have 

calibrated uncertain parameters of the process (mainly heat transfer coefficients among different materials) in 

order to faithfully represent thermal gradients in the CC system compared to the measured data. Positions of 
the thermometers in the experimental set up are depicted on Figure 3 (left). Figure 3 shows main simulation 

results on the macro scale: on the left image we give temperature field after thermal stabilization (40 s from 
the start of the simulation) representing stationary temperature distribution. The right image on Figure 3 gives 

solid fraction distribution (at the same time) with characteristic meniscus shape of the solid-liquid interface that 
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is very heart of the CC solidification process. In the subsequent micro simulation, we will numerically follow 

the tiny piece of the alloy in the middle of the mold where very high heat fluxes are present giving rise to steep 

gradients of the relevant quantities. One of the main simulation findings is that, in contrast to the typical steel 

CC process, we clearly see that the main thermal transport route is down the rod itself due to the very high 

alloy thermal conductivity. It calls for special care in the experiment as cutting the rod as it goes out of 

crystallizer reduce total heat capacity of the rod thus effecting casting conditions significantly. The main control 

parameter at hand to process adjustment is the casting speed that is the same as in experimental set up (on 

average 260 mm/min, with characteristic pulls and waiting intervals). Waiting time increase is a consequence 

of the graphite crystallizer heating up during the process since in CC process heat and material constantly 

enter the system from the crucible. 

This simulation gives us full information about the thermal environment for the microstructure evolution. During 

the simulation residual stress is also calculated (not shown in this report) that can be used to further optimize 

process parameters. Effective residual stress after initial thermal stabilization is below 100 MPa throughout 

the rod. To continue further with simulation we define 100x100 μm 2D model box that we are going to follow 

from the state of the complete melt to solid grain structure that arises from the dendritic growth of the primary 

phase. We are going to perform simulation in the reference frame of the moving cast rod looking at the small 

quadratic piece that is on the symmetry axis passing through the top of the solidification meniscus. Already 

calculated temperature and heat flux fields in FE calculation provide changing the thermal environment for our 

micro subsystem. 

 

 

Figure 3 Stationary state in the CC process. (Left) Temperature field with thermometers positions within 

graphite crystallizer (shown as yellow squares). (Right) Solid fraction at the same time. 

As for grain growth inside the model box we choose 2D PF model that is based on liquid and solid (α) phase 

but also include the possibility of different grain growth orientation [10]. There is a great deal of physical 

information from the full 3D simulation which can be studied in a 2D case but with considerably less 

computational cost. In this short paper we cannot give a proper account of the physical formalism involved in 

the phase field modeling of the nucleation and grain growth but refer the reader to the appropriate literature 

and references therein [5], [6] and [10]. It is based on the concept of order parameter that in this case consist 

of two 2D space-time function: one for the solid fraction and the other for grain orientation governing the 

impingement and misorientations of grains. We closely followed the formalism developed in [10]. 
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PF formalism for the α phase order parameter governing equation gives: 

 (1) 

The coefficient Mφ is solid liquid interfacial mobility and D is an anisotropic diffusion tensor in 2D defined with 

following auxiliary quantities: 

, ,  (2) 

where function m(φ, ∆T) describe surface energy anisotropy with parameters κ1,2. N is crystal symmetry (4 in 

our case). The governing equation for local crystallographic orientation field order parameter is given by: 

,  (3) 

where s and ε specify strength of the φ-θ coupling P being inverse mobility function. Third coupled differential 

equation is heat transport equation for the undercooling temperature (defined dimensionless as the difference 
from fusion temperature TM) field: 

,  (4) 

where the last term is an additional source term that controls warming of the model box with q and T0 adjusted 

to keep undercooling distribution realistic at the boundary. In this simulation, it is an effective heat sink that 

corresponds to net flux out of the model box. Namely, as solidification proceed undercooling is almost linearly 
increasing (temperature gradient is approximately 115 K/cm) on the macro scale as shown on Figure 4 (left) 

but locally is severely influenced by massive latent heat production. 

 

Figure 4 (Left) Undercooling distribution with the clear signature of the solidification latent heat local effects. 

(Right) typical dendrite structure of the solidification into an undercooled melt. Colors show the local 

crystallographic orientation of the dendrite with respect to the fixed axis of the simulation box. 
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Initial condition for the simulation is undercooled melt in accordance with the gradient obtained from FE macro 

calculation and seeding 4 grains with random orientation. The coupled system of equations is evolved by finite 

volume method with the help of implementation in FiPy numerical suite [11]. 

4. CONCLUSION 

To summarize, in this paper we have described experimental CC of Cu-9Al binary alloy in rods. The as cast 

material was subsequently prepared for optical, SEM and EDXS characterization by standard procedure. 

Physical macro model of the CC system is prepared with the help of ProCAST software suite. We show main 

findings of the simulation that is calibrated by matching of the experimental and simulated temperature field in 

the graphite crystallizer. Besides macro temperature field, we also presented solid fraction field under 

stationary state during casting. Temperature field obtained in this step is used as an input for the undercooling 

field that constrains PF simulation of the single primary phase solidification. PF simulation (eq. 1-4) shows 

kinetics of the dendritic grain growth into the undercooled melt and is performed in the reference frame of the 

moving rod. Heating of the simulation model box is treated by including artificial heat sink into the thermal 

equation (4). As a further development of the microstructure model we plan to include composition field in the 

spirit of the Kim-Kim-Suzuki model [13] for interfacial energy and second phase order parameter for 

quantitative predictive physical simulation o the ternary SMA Cu-based alloys. 
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Abstract 

The effect of chemical composition on hot tearing susceptibility of a polycrystalline industrial gas turbine blade 

during casting process has been investigated. Five master melts from two different nickel base superalloys by 

nearly similar chemical composition have been used for this purpose. The results show that in IN738-LC alloy, 

hot tear sensitivity has a direct relation with Zr content, but in Rene80 the amount of Zr, doesn’t have any 

obvious effect on the hot tearing susceptibility of alloy. It could be related to lower HSC parameter in Rene80 

alloy in comparison with that in IN738-LC. Besides the amount of Cr and Al which are the most segregating 

elements next to eutectic phase, in the IN738-LC are higher than that in Rene80 alloy. 

Keywords: Turbine blade, investment casting, hot tear, Rene80, IN738LC  

1. INTRODUCTION 

Hot tearing is one of the most significant defects encountered in casting process which occurs in the last stage 

of solidification when the fraction of solid is close to one. The formation and propagation of the hot tearing have 

been found to be directly affected by the cooling history [1, 2], the chemical composition and mechanical 

properties of the alloy [3-8], as well as the geometry of the casting and ceramic shell characteristics [9].  

The effects of cooling condition on the hot tearing of nickel base superalloys have been studied by Norouzi & 
Farhangi [2]. Increasing cooling rate has two opposite side effects. It increases thermal gradient, so enhances 
hot tearing tendency. In the other hand, the grain size and dendrite arm spacing decrease due to increasing 
cooling rate. Decreasing the dendrite arm spacing has two effects; increasing the strength of the material and 
dispersion of fine eutectic phase through the structure. Starting solidification ignite a competition between 
increasing the strength of the material and increasing the thermal stress. If the rate of increasing the material 
strength is superior to enhancement of thermal stress, this material will bear such a detrimental stress. In this 
case, there will not be a hot tear the case. Zhou & Vole [1, 10] found similar results in their studies. Their 
results show that the hot tearing tendency of the alloy is reduced by increasing GB fraction. The eutectic melt 
is finely dispersed and the strain at each individual GB is less as the GB fraction is increased. The better 
castability due to higher GB fraction is attributed to the stronger GB cohesion and more uniform distribution of 
strain [10]. Also they found that smaller dendrite arm spacing reduces the hot tearing tendency. The eutectic 
melt is more finely dispersed and increasingly discontinuous as the dendrite arm spacing is reduced [1]. 

The effects of chemical composition on hot tearing of nickel base superalloys have been studied by many 

researchers [3, 5, 7, 8]. Their results for IN738LC alloy show that grain boundary strengthening elements like 

Zirconium and Boron increase hot tearing tendency of alloy; but this theory haven’t been generalized for other 

alloys. Zr and B promote grain boundary strengthening of superalloys, so their decrement, diminish stress 

rupture life of alloys. This study compares the effect of Zr level on hot tearing susceptibility of both IN738LC & 

Rene80 alloy for a similar part.  
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2. EXPERIMENTAL  

In this study, 5 batches of a rotating industrial turbine blade have been casted from IN738LC and Rene80 

nickel base superalloys. The wax patterns have been injected and then assembled in similar clusters. Ceramic 

slurry has been applied around the wax cluster using a robot dipping and stuccoing program. After de-waxing, 

similar wrapping technique has been used for controlling of heat transfer during casting and solidification for 

all ceramic molds. All ceramic molds were preheated before pouring. Two different master heats from each 
alloy have been used for these parts. The chemical compositions of the master heats are listed in Table 1. It 

could be seen that zirconium content is the main difference between master heats A and B. Also the amount 

of Zr in master heat D is about one fourth of that in master heat C. 

Castability of master heats have been examined by considering hot tear crack observation during Non-

Destructive Testing (NDT) including Grain size inspection, Radiography Testing (RT) and Fluorescent 

Penetrant Inspection (FPI). Also microstructural studies have been done using optical microscopy and 

scanning electron microscopy.  

Table 1 Chemical composition of master heats (wt.%) 

Batch 
Code 

Alloy Ni C Cr Co Mo W Nb Ta Al Ti B Zr 

A IN738LC Balance 0.11 15.9 8.3 1.7 2.5 0.8 1.7 3.5 3.5 100 ppm 500 ppm 

B IN738LC Balance 0.105 15.8 8.32 1.76 2.69 0.77 1.59 3.49 3.5 100 ppm 50 ppm 

A + B IN738LC 50 % A + 50 % B 

C Rene 80 Balance 0.165 13.75 9.95 3.85 4.15 0.04 0.03 2.95 4.96 120 ppm 400 ppm 

D Rene 80 Balance 0.16 13.92 9.20 3.96 3.98 0.02 0.042 2.96 4.84 130 ppm 110 ppm 

3. RESULTS & DISCUSSION 

Castability of master heats was examined by considering hot tear crack observation during NDT inspections 
(Figure 1). The normalized scrap rate of these five batches of parts is compared in Figure 2. Comparing 

master heats A, B and A+B, It could be seen that in equal amounts of alloying elements, the high zirconium 

alloy, is more prone to hot tearing. It could be related to effects of Zr on eutectic phase content and morphology.  

It is well known that the surface tension of any solvent can be markedly reduced by the presence of relatively 

low levels of certain solute that are preferentially adsorbed at the surface or interface [11]. In the present case, 

one would expect a lowered surface tension of the residual liquid γsl when Zr content increases because of the 

enrichment of Zr in the liquid. When the surface tension of solid-liquid interface becomes lower than surface 

tension of solid- solid interface, complete wetting of grain boundary would be occurred that hinder solid- solid 

bridging. So a high concentrated alloying element region could be formed in this area that causes film shape 

eutectic phase formation. Tendency for hot tearing increases in this area because of: 

1) Local lack of liquid feeding during solidification because of the higher γ/γ’ eutectic phase volume fraction.  

2) Weakening of alloy depleted zone next to eutectic phase. 

3) Formation of brittle topologically closed packed (TCP) phases beside eutectic phase. 

The film shape eutectic phases have been observed next to hot tearing cracks during metallographic 
investigations of master heat A and (A+B) (Figures 3a and 3c). It could be seen that for these samples, crack 

propagation occurs along continuous film shape eutectic phase at grain boundaries. Besides, the SEM image 
(Figure 4) shows alloy depletion zone and oxides next to the crack which are main characteristics of hot tearing 

in nickel base superalloys. The analysis of oxides next to crack demonstrates that they are Al rich oxides; 
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however Cr and Ti are the main element in the oxides which are present in the crack. For master heat B, it is 
obvious that discrete eutectic phases distributed at grain boundaries (Figure 3d).   

 

Figure 1 Location and general view of hot tear cracks in the part with master heat A (left).  

Lack of any crack in the part with master heat C (right) 

 

Figure 2 Normalized scrap rate of parts produced by these 5 batches. Observation of hot tear cracks was 
the criterion for rejection of parts. All parts produced by master heats B, C and D accepted in NDT 

inspections.   

On the other hand, Rappaz et al. [12] showed that trans-granular coalescence occurs at a low solid fraction, 

while grain coalescence (inter-granular) takes place much deeper in the mushy zone at a higher solid fraction 

around 99%. They have derived the under cooling required for coalescence of two different grains assuming 

no inter-dendritic phases are present in the liquid film. This under cooling is a function of grain boundary energy 

(γgb) depending on misorientation between two grains, solid/liquid interfacial energy (γsl), entropy of fusion (∆Sf) 

and thickness of the liquid film (δ): 
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 [12]          (1) 

(a) (b) 

(c) (d) 

Figure 3 Optical micrographs comparing microstructure of 4 master heats a) Master heat A: Crack 
propagation along continuous film shape eutectic phase at grain boundaries b) Master heat A: Presence of a 

large amount of eutectic phases in the microstructure. c) Master heat A+B: Crack propagation along 
continuous film shape eutectic phase at grain boundaries d) Master heat B: Presence of discrete eutectic 

phases in the microstructure  

It could be seen that reduction in γsl increases under cooling required for coalescence of two different grains. 

So it could be derived that in similar cooling condition, the time spent by the mushy zone in the vulnerable 

region in low γsl alloy is higher than high γsl alloy. Clyne and Davies [13] have recognized that hot tear is due 

to an opening of the mushy zone in a susceptible region where the dendrite arms can be pulled apart easily; 

so they developed a criterion for hot tearing sensitivity based on the time spent by the mushy zone in the 

critical zone, where continuous liquid film exist, but its permeability is too low to allow feeding. Their criterion 

can be expressed as: 

 [13]         (2) 

where tV and tR correspond to the time spent by the mushy zone in the vulnerable region and the time where 

feeding by the movement of the liquid (and solid) can occur and tfs corresponds to time spent for reach a 
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certain solid fraction. Any variation in ∆Tb by changing in the γsl, prolongs tV and consequently increases HSC. 

So it could be said that higher Zr content, decreases γsl, causes increment in ∆Tb and tV and consequently, 

enhances hot tear cracking sensitivity.    

 

Element Zone 1 Zone 2 

Al 37.1 5.8 

Cr 6.7 48.3 

Ti 0.2 11.5 

Ni 30.5 1.1 

Co 4.3 - 

O 21.1 33.3 

Figure 4 SEM image of cracks in part produced by master heat A; The presence of alloy depletion and 

oxides which are the main characteristics of hot tearing in nickel base superalloys (at. %) 

On the other hand, for Rene80 alloy, Zr content doesn’t have any obvious impact on hot tearing tendency. Hot 

tearing crack have been never observed during non-destructive testing of parts which produced by master 

melts C and D. It could be attributed to the following reason.  

Firstly, as it has been said earlier, Cr, Al and Ti are the main segregating elements next to hot tear crack tip in 

IN738LC alloy. The amount of Cr and Al in Rene80 is lower than that in IN738LC, therefore it could be said 

that Rene80 is less prone to eutectic phases and hot tear crack in comparison with IN738LC.  

Moreover, the behavior of Rene80 and IN738LC alloys during solidification was simulated using Scheil 

solidification model. With regard to the fact that the behavior of alloy in the last stages of solidification directly 
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affects hot tearing phenomenon and based on the fact that Scheil model gives more information about the last 

stages of solidification in comparison with other solidification models including Lever rule or Back diffusion 

model, Scheil model were employed in this case. 

In order to investigate HSC criterion for this part, it is assumed that the thermal conductivity of these alloys are 

equal. Besides the same gating system, wrapping system and casting parameters were applied for production 

of this part with both alloys. Therefore it is possible to use temperature instead of time in HSC criterion 
(Table 2). It is obvious that for IN738LC alloy, the HSC parameter is far higher than that for Rene80 alloy which 

means lower tendency to hot tearing in Rene80 alloy.  

Totally, it could be concluded that high Zr content in IN738LC alloy leads to strong inclination to hot tearing in 

the part, but in Rene80 alloy, Zr is not as detrimental as in IN738LC alloy.  

Table 2 HSC criterion based on temperature for alloys A (IN738LC) and C (Rene80) [14] 

Batch Code Alloy tfs = 0.99 
(°C) 

tfs = 0.9 
(°C) 

tfs = 0.4 (°C) HSC parameters 

A IN738LC 950 1178 1303 1.82 

C Rene 80 976 1131 1291 0.94 

4. CONCLUSION 

The present work indicates that in IN738-LC alloy, hot tear sensitivity has a direct relation with Zr content, but 

in Rene80 the amount of Zr, doesn’t have any significant effect on the hot tearing susceptibility of alloy. It could 

be related to the lower Cr and Al content in Rene80 alloy. The EDS analysis of crack region in IN738LC alloy 

indicates that Cr, Al and Ti are the main segregating elements in eutectic phases and therefore next to hot tear 

crack. Additionally, HSC parameter in Rene80 alloy is less than that in IN738LC alloy. However it should be 

noticed that with assumption of equal thermal conductivity in these two alloys and similar gating and wrapping 

systems and the same casting parameters, temperature were applied instead of time in the calculation of HSC 

parameter.  
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Abstract 

One of the alternative and topical ways of intermetallic and nonferrous materials application is a metal hydrides 

formation. Metal hydrides allow storage of hydrogen; carry out gas purification and compression.  

Development of powder metallurgy provides new possibility for investigations in the field of alternative way of 

hydrogen storage. Solid form of hydrogen storage with the possibility of reversible sorption, gives opportunity 

for creation autonomous energy storage systems and use hydrogen like a modern energy carrier.   

Lanthanum-nickel based alloys allow hydrogen storing at ambient temperatures and pressure not higher than 

15 bar, which makes the application of these alloys quite practical. The disadvantages of these alloys are the 

high cost of the initial powdered pure metals and the relatively low mass content of hydrogen in the final alloy. 

Despite this, La-NI alloys are quite interesting and prospects for further study and modifications. 

Keywords:Intermetallic compounds, lanthanum-nickel alloy, metal hydrides, hydrogen storage, XRD  

       analysis 

1. METAL HYDRIDES - ALTERNATIVE WAY OF HYDROGEN STORAGE  

As it is known, palladium is one of the best metals for hydrogen storage [1], but the price of this material does 

not allow its use widely [2]. Other materials for hydrogen storage could be complex hydrides since they have 
a greater storage density in comparison with other types of metal hydrides. Figure 1 described the different 

ways of hydrogen storage. However, another important characteristic of hydrogen storage systems based on 

metal hydrides is the possibility of reversible hydrogen sorption and complex hydrides are not allow to achieve 

a reversible sorption. The micro porous adsorbents and interstitial hydrides have similar hydrogen densities 

and volumetric capacity but the second one could work at an ambient temperature which gives a great 
advantage in practical use. Table 1 shows main working characteristics of various hydrogen storage ways. 

 

Figure 1 Possible ways of hydrogen storage 
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Table 1 Comparison of hydrogen storage ways and their main working characteristics [3] 

Ways of hydrogen storage Gravimetric capacity 
(wt.%) 

Volumetric capacity 
(kg/m3) 

Working temperature 
(K) 

Microporous adsorbents: Zeolites  ≤ 7.5 ≤ 48 77 
 

Intermetallic hydrides: LaNi5 1.49 87 close to ambient 
 

Complex hydrides: Mg2NiH4, NaAlH4, LiBH4 3.6 98.8 373-473 
 

Reaction of metal hydride reversible formation can be described by the following equations: 

Me +nH2 ↔ MeHn + Q (1) 

Me + nH2O + e- ↔ MeHn + nOH- (2) 

2. PROBLEMATIC OF METAL HYDRIDE PREPARATION AND PRACTICAL USING  

Base on personal working experience with (LaCe)Ni5 based alloy and hydrogen storage system HBond-1500, 

made by LabTech company, few problematic aspects of this alloy practical using were determined.  

First of all, it is a problematic of full system charging or complete hydrogen sorption in (LaCe)Ni5 alloy. 

Completeness of hydrogen sorption depends on the accurate thermoregulation of ongoing hydride formation 

process. In addition, maximal hydrogen weight capacity of unmodified LaNi5 and (LaCe)Ni5 alloys is not more 

than 1.6-1.8 wt.%.  

The second problematic aspect is a complexity of alloys producing. This issue has become a significant 

obstacle for the project realization. The classic method of alloy production is a direct fusion from the pure bulk 

metals in the oven. The same method is used by «LabTech» company. Alloys synthesis, by carrying out joint 

chemical and heat treatment transformations and using metal oxides or chlorides, instead of bulk metals, is 

not typical and common method of alloys production. In this regard, lack of equipment for the synthesis of 

LaNi5 based alloys was appeared. Further analysis of the practical works of other authors shows that the 

chemical method of LaNi5 alloy production from metal oxides and chlorides is applicable in practice. In the 

work of G. Giresan, S.R. Sankaranarayanan, L.J. Berchman [4] was described an example of LaNi5 alloy 

production by thermo-chemical synthesis and using magnesium (Mg) as a reducing agent: 

La2O3 + 10 Ni + 3 Mg → 2 LaNi5 + 3 MgO        (3) 

Moreover, in the work of S. Kamasaki, Y. Misaki, T.Kanayama, M.Yamada method of alloy modification by 

additional metal powders of Co and Al for alloy lifetime increasing during operation was described [5]. 

3. THE MEASUREMENTS AND TEST RESULTS  

3.1. LaNi5 alloy preparation at VSB-TUO, Nanotechnology Centre  

To perform the alloys synthesis, the new system was assembled. Graphite crucible with reagents, covered by 

the lid should be placed to the furnace. The crucible lid has two holes for gas pipes connection. One end of 

the tube is connected to a source of inert gas cylinder with argon. The second tube is used for gas byproducts 

removing from the reaction zone of the furnace.  

Preparation of alloys was carried out in an induction furnace. The lanthanum and nickel chlorides together with 

lithium hydride were premixed in the required quantitative proportions (Table 2). 
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Table 2 Reactants composition for La-Ni based alloys preparation 

Alloys 

Reactants weights (g) 

For 1 kg of alloy Based on 1.25 g of LiH  

LaCl3 CeCl3 NiCl2 LiH Mm LaCl3 CeCl3 NiCl2 LiH Mm 

LaNi5 566.55 - 1496.42 238.44 - 2.97 - 7.845 1.25 - 

(LaCe)Ni5 429.20 431.34 1133.65 222.60 - 2.41 2.42 6.365 1.25 - 

(LaMm)Ni5 431.66 - 1140.13 181.90 241.30 2.97 - 7.83 1.25 1.66 

Note: MM = Mischmetall 

Mixing of the initial components was conducted under an inert atmosphere in glow-box to prevent oxidation 

and saturation of air moisture. Temperature measurement in the reaction zone of the furnace was carried out 
by using a thermocouple. Figure 2 shows basic view of the reactor which was used for the alloys preparation. 

           

Figure 2 Basic view of the reactor for alloys preparation 

La-Ni based alloys syntheses were carried out at following working parameters: 

A - sample (1)  

Reagents heating up to 750 °C during 80 minutes; sample holding during 80 minutes at 750 °C. 

B - sample (2) 

Increasing of working temperature up to 900°C and duration of heating process 

Reagents heating up to 900 °C during 100 minutes; sample holding during 80 minutes at 900 °C. 

C - sample (3A and 3B) 

Increasing of sample holding time up to 90 minutes; sample (3A) - with LiH, sample (3B) - without LiH. 
Reagents heating up to 900 °C during 80 minutes; sample holding during 90 minutes at 900 °C. 

Figure 3 shows the time-temperature curves of alloys preparation. After temperature holding all alloy samples 

were cooling down close to the ambient temperature and placed in a desiccator before subsequent qualitative 

analysis. 

Three LaNi5 samples in crucibles: LaNi5 sample (2), LaNi5 alloy sample (3A) made with LiH and LaNi5 alloy 

sample (3B) made without LiH were putted in the oven for heating during night. Samples in the oven placed 

under vacuum and heated up till 110 °C for complete drying. Two samples, which were made with LiH show 

the grey colour of alloy and monolithic structure, LaNi5 sample (2) - with visible oxidation white points on the 

surface of alloy. LaNi5 sample (3A) - without visible oxidation. LaNi5 sample (3B) which was made without LiH 
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looks amorphous with visible phase separation and brown-orange/dirty-yellow colour of sample. Figure 4 

shows photos of the three samples described above. 

 
(a)        (b) 

 
(c)        (d) 

Figure 3 The time-temperature curves of alloys preparation 

 

 

Figure 4 General wiev of three La-Ni samples: sample (2) and sample sample (3A) made with LiH; sample 

(3B) without LiH  

3.2. Sample analysis 

Information about chemical composition and structure of prepared alloys were obtained from XRD analysis of 

relevant samples. Measured samples were evaluated using appropriate software and compared with ICCD 

database. Measured sample was not stable under the ambient conditions. From this reason sample was gently 

grinded under flow of nitrogen and covered with 6 µm thick Mylar foil to eliminate exhibition of air humidity. The 
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XRD diagram of LaNi5 phase is shown in Figure 5. Broad diffraction at positions 16.0, 19.3 and 30.0° 2theta 

corresponds to the Mylar foil. 

Measurement conditions: Diffractometer Rigaku SmartLab; goniometer geometry - Bragg-Brentano theta-

2theta; lamp - CoKα (λ1 = 0.178892 nm, λ2 = 0.179278 nm); detector - D/teX Ultra 250; range of the 

measurement - 5 - 90° 2theta; sample holder - glass holder with cavity depth 0.5 mm.  

 

Figure 5 XRD diagram of alloy copmosition (phase LaNi5) 

As can be seen from the Table 3 only one of the alloy samples (sample 3A) represents the LaNi5 phase. The 

results of the XRD analysis showed that most of the samples were exposed to strong oxidation during sample 

synthesis or sample preparation for next analysis. Based on the operating parameters of the synthesis of each 

sample and subsequent analysis, it can be seen that increasing of sample holding time (sample 3) led to the 

formation of the desired LaNi5 phase. In accordance with this, further synthesis of the samples will be carried 

out with a longer temperature holding in the furnace. At the same time, the problem of oxidation of samples 

remains open. 

Table 3 Phase compositions of alloys samples getting from XRD analysis  

Sample Chemical composition 

LaNi5 (1) Li2O LaOCl NiO La2NiO4  

LaNi5 (2) Li2O LaOCl NiO La2(NiO4.144)  

LaNi5 (3)      

LaNi5 (3A) Ni LaO NiO LaNiO3 LaNi5 

LaNi5 (3B) without LiH  LaOCl NiCl2   

4. CONCLUSION  

Results of chemical composition analysis of La-Ni based alloy samples gave useful information about exist 

problem with alloys synthesis from metal chlorides such as a choosing of optimal time- temperature working 

parameters of synthesis, which from one side should be enough for creation desired LaNi5 phase during 
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synthesis, and from other side should be as shorter as possible for energy and time consumption reducing of 

the synthesis process. Cost of the reagents that should be used for alloy preparation and respectively cost of 

the final alloy is the second important issue and the reason why the La-Ni alloys in this job were synthesized 

from metal chlorides. Next synthesis should be carried out at increased temperature sample holding stage for 

fully LaNi5 phase creation.    
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Abstract  

Zirconium based alloys are commonly used as material for fuel claddings in the light water reactors. Claddings 

act as first metallic barriers against loss of fission products during the nuclear power plant operation, 

intermittent storage or final dry storage. During the reactor operation, claddings are subjected to different stress 

levels at high temperatures as well as neutron radiation. This results in their corrosion, hydrogen diffusion, 

hydrogen embrittlement and creep. The integrity of claddings is always critical issue for during reactor 

operation, loss of coolant accidents and during storage of spent fuel. In this work, ring compression testing 

method developed was applied to study hydrogen embrittlement, to evaluate the stress-strain behavior and 

hoop fracture properties of E110 (Zr-based) fuel claddings. Tests were performed on un-irradiated fuel 

claddings with varying hydrogen concentrations 0, 189, 217, 328 and 393 wt. ppm at 380 °C. Further the stress 

- strain curves were calculated and mathematical models were used to determine the collapse load and 

ultimate tensile strength. The results show that the collapse load and the tensile strength values depend 

strongly on hydrogen concentration. In particular, tensile strength experiment data shows significant change 

in its trend after reaching the maximum hydrogen solubility limit at 380 °C. Furthermore RCT method showed 

to be simple-effective, removes complexity of specimen preparation, reduce the amount of radioactive waste 

and reproducible for evaluating the strength and embrittlement of irradiated claddings in hot cells at varying 

conditions.  

Keywords: Metallurgy, steel, properties, applications, testing methods 

1. INTRODUCTION 

Zirconium based fuel claddings serve as barrier between the pellets and the fuel rod environment, avoiding 

the release of fuel or fission products during service into the reactor core or cooling system or after service 

into storage containments. Zirconium and its alloys have a significant property, a very low neutron absorption 

cross section, 30 times less than iron. This is the main reason for the selection of zirconium and its alloys as 

core materials to obtain better neutron efficiency in thermal reactors. In addition, zirconium alloys also possess 

good corrosion resistance, mechanical strength and are relatively resistant to radiation damage [1-2]. During 

the reactor operation, claddings accumulate hydrogen due to oxidation and are subjected to degradation 

resulting from their exposure to high temperature, high pressure and irradiation. When the hydrogen content 

in zirconium alloys exceeds the terminal solid solubility limit, diffused hydrogen atoms react with the zirconium 

matrix and formation of zirconium hydrides occurs [3]. The content of the absorbed hydrogen into the cladding 

tubes depends on many factors and is part of today’s research work. In any case, the amount of hydrogen 

increases with the increase in the fuel burn-up. Hence hydrogen content is an increasing quantity with respect 

to reactor cycles [4]. Possible degradation mechanisms of fuel claddings include [6]: creep [5], hydrogen 

embrittlement (reduction in ductility) [7] and Delayed Hydride Cracking [8, 9] etc.  

Figure 1 shows the phase diagram of the binary Zr-H system. Different phases of zirconium hydrides are 

visible. The δ-zirconium hydride phase has a face centered cubic structure (ZrH1.66), γ-hydride phase has a 
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body centered tetragonal structure (ZrH) and ε-hydride phase has a face centered tetragonal structure (ZrH2). 

δ- and ε-hydrides are the two stable hydride phases in the form of platelets, while the γ-hydrides are the 

metastable hydrides in the form of needles. ε-hydrides are observed at very high hydrogen contents and γ-

hydrides are formed in quenched specimens [3]. After the usage of fuel assemblies for a period of time in 

nuclear reactor, they are firstly sent to the wet storage in water for heat decay and then sent to final disposal, 

called dry storage. Initial temperatures at the dry storage are higher than wet storage as the specific heats of 

cooling media are lower than water. Under these situations at specific conditions (internal pressure, 

temperature, hydrogen content) creep [10], hydride re-orientation [11-12] and related effects at spent fuel dry 

storage [13-15] are the most likely degradation mechanisms that could cause failure in fuel claddings. 

Therefore the study on mechanical integrity of the fuel cladding tubes is very important. 

  

Figure 1 Phase diagram of binary Zr-H system, detail of the (αZr) phase region [3] 

When the hydrogen solubility limit in these zirconium based cladding alloys is exceeded (see Figure 1), their 

excess amount results in the formation of zirconium hydride precipitates. These precipitates have been shown 

to be less ductile than the surrounding zirconium alloy matrix, so can have deleterious effects on the 

mechanical properties. It has been demonstrated that these hydrides may embrittle the cladding and reduce 

its mechanical properties. The resulting embrittlement depends on the concentration and geometrical 

distribution of the hydrides. The hydrides which adopt a radial orientation in the cladding, may reduce the 

fracture properties of the cladding more the ones that adopt a hoop orientation [16], on particular the orientation 

affect the ductile to brittle transition temperature (DBTT) [17-19]. 

Traditionally the ring tensile test is one of the most used to calculate the stress-strain curve in the hoop 

direction. The initial test consisted on applying a force from the inner surface of the sample cladding sample 

by means of two half cylinders. The ring tensile test presents two important experimental difficulties: the 

samples need a relatively complex matching (important factor when the test is performed with irradiated 

samples) and the results are affected by some parameters difficult to measure, such as the friction factor and 

the gap between the sample and the load device. Alternatively, the ring compression test could be employed 

to obtain the stress-strain plastic curve. It is the easiest and simplest methodology in the future mechanical 

properties, especially for cladding materials embrittlement experiment in the hot cell. By means of the RCT 

(Ring Compression Test), there is no need to consider the influence of friction between testing devices and 
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samples. Besides this, the sample preparation would be more concise, this is important for preparing the 

irradiated samples.  

Current study is focused on evaluating the mechanical properties in the hoop direction of the zirconium 

cladding E110 with different hydrogen contents 0 (as received), 189, 217, 328, 393 wt. ppm, was investigated 

through the use of the RCT at 380 °C and determining the best practices for testing irradiated claddings in hot-

cells to perform cladding embrittlement studies. 

2. MATERIALS AND EXPERIMENTS 

2.1. Materials and specimens dimensions 

Specimen examined in this study was fabricated of the E110 alloy of tubular section, 10 mm long with outer 

diameter of ~ 9.1 mm and wall thickness of ~ 570 µm provided by UJP Prague. The chemical composition of 

E110 cladding tube was 99 % Zr and 1 % Nb with minor impurities of Fe and O. Cladding sections were pre-

hydrogenated in autoclave to desired hydrogen contents (0, 189, 217, 328, 393 wt. ppm) with outer diameter 

app. 9.15 mm and specimen length 10-12 mm. 

2.2. Experimentation 

2.2.1. Metallography and microstructure 

Metallography was performed before mechanical testing, to determine the hydrogen content and hydrides 

distribution in pre-hydrogenated specimens. The samples were embedded into the cold epoxy resin. First half 

section of the samples was embedded in the tubes Axial Direction (AD) and the second half section was 
embedded in Circumferential Direction (CD) as is represented in Figure 2. Mechanical grinding was performed 

on the grinding polishing machine LaboPol-25 with grinding paper. Followed by fine polish where diamond 

suspensions (3 µm and 1µm particle size) and colloidal silica suspension (0.04 µm) were used. The samples 

for Optical microscopy analysis were prepared by etching them in a solution of 100 ml H2O2, 4.5 ml HNO3 and 

0.5 -1 ml HF, to inspect the hydride distribution in the cladding. 

2.2.2. Mechanical testing 

Ring Compression Test was selected in the present study in order to obtain the mechanical properties of 

tubular sample. The lengths of tubular sample were choose to had a plane strain state during compression 

process (length > outer diameter). The samples with different amount of hydrogen (0, 189, 217, 328, 393 wt. 

ppm) were tested at 380 °C. To check the reproducibility, RCT was repeated 2 times for each condition (just 

once for 0 and 393 ppm). 

Mechanical tests were performed with the strength testing device Z250 from Zwick with a strength range up to 
250 kN, in the corresponding furnace, as shown in Figure 3. The first sample with 0 ppm was initially fastened 

by 10 N pre-load at the centre between two rigid flats, the other samples (189, 217, 328, 393 ppm) weren’t 

fastened at the upper flat (no pre-load), because we wanted to avoid the compression before the application 

of the testing load. Then with the heating rate of 20 °C/min the sample was heated from room temperature to 
380 °C. Test matrix is given in Table 1. 

In order to make a homogeneous distribution of the hydrogen within, the sample was left 30 min after set 

temperature, before the load application. Afterwards the movable upper flat crush the sample on the fixed 

lower flat with a 0.5 mm/min load-line displacement rate. The compression system operated within a furnace, 

in which three thermocouples (above, below and near the sample) were inserted to ensure that the target 
temperature was achieved during the test as shown in Figure 4. Outer oxide layer thickness was about 5 µm 

not enough to have a macroscopic influence in the sample behavior. 
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Figure 2 Sectioned sample embedding in an epoxy resin (a) in the axial / longitudinal direction, (b) in 

transverse direction              

  

Figure 3 Ring Compression Testing machine with 

furnace and compression heads 

Figure 4 Thermocouples inserted into furnace 

close to specimen during the RCT test 
 

Table 1 Specimen test matrix for ring compression testing to study hydrogen embrittlement in E110 fuel 

claddings 

Number of specimens H content (ppm) Test Temperature  (°C) Length of specimen (mm) 

1 0 380 9.91 

2 189 380 12.28 & 11.62 

2 217 380 9.99 &10.51 

2 328 380 10.35 & 9.92 

1 393 380 10.24 

3. RESULTS AND DISCUSSION 

3.1. Microstructural investigations 

Transverse (cross-sectional) and longitudinal metallographic images from the pre-hydrogenated specimens 
are shown in Figure 5. A uniform layer of oxide thickness is evident, which was formed during autoclave 

oxidation process. Optical examination of the hydrogenated metallographic specimens revealed the presence 

of hydride platelets aligned in circumferential direction. These are called circumferential hydrides formed on 

the circumferential-longitudinal planes and were in the form of long chains. In both regions, the average length 

of macro-hydrides in the longitudinal direction was 150 ± 1.2 µm and in the circumferential direction was 182 

± 8 µm. Grains and grain boundaries are however not discernible optically, and thus, we cannot obtain any 

detailed information regarding location of the hydrides with respect to the grains and grain boundaries.  
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Figure 6 shows the 3D re-construction of the observed hydrides on the circumferential-longitudinal plane. In 

this figure, on the right side is shown the habit planes of the circumferential hydrides in hexagonal zirconium 

lattice. 

          

Figure 5 Hydrides oriented in the radial-circumferential orthographic plane  

3.2. Mechanical investigations 

The load - displacement curves obtained from ring compression testing at various levels of hydrogen content 
tested at 380 °C are shown in Figure 7. On the recorded load-time curve, three areas was highlight to show 

the macroscopic behaviour of the sample during RCT at 380 °C. Figure 8 represents the deformation stages 

of cladding during the ring compression test with varying loading at constant temperature. Initially there was a 

linear relationship between the stress and the plastic strain with a slope practically vertical. In this area the 

sample (at the macroscopic level), didn’t show significant shape difference compared to the original sample. 

The next stage, known as plastic deformation zone, takes place from the elbow to the huge change of slope. 

In this area, differently from other studies at room temperature [21], the maximum and the minimum didn’t 

appeared. This because at this temperature the maximum strain reached at ring equatorial azimuth remains 

lower than the failure strain. Then the larger deformation took place, the vertical diameter of the sample 

decreased gently until the contact between the upper and lower face, then the load continued to increase until 

the force reaches the 5 kN of load. 

During RCT, it is known that sample underwent plastic deformation after initial elastic deformation. As shown 
in Figure 9, the collapse force P0, where large plastic deformation occurred, can be obtained directly from the 

load-displacement curve by getting the intersection of the lines extended from elastic and plastic region, 

respectively. After extracting collapse force from the load-displacement curve, one of targeted properties of 

the material, Ultimate Tensile Stress (UTS), could be estimated by the equations provided from previous works 

        

Figure 6 (a) 3D reconstruction of hydrides orientation in the creep tested hydrided E110 cladding and (b) 

schematic of hydride formation on habit plane [20] 

(a) (b) 
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[22], which were based on some theoretical models of plastic theory and several basic mechanical theories. 
Thus, the dimensions of sample as in Figure 10, including outer radius R, thickness t and length L, act as 

important factors in these equations which aim to convert collapse force into UTS. 

 

Figure 7 Load-displacement curves from RCT tests with different hydrogen concentration at 380 °C 

 

Figure 8 Stages of cladding tube deformation during the ring compression testing 

Due to the complexity of the stress distribution in the sample, the ring is assumed to be perfectly plastic, which 

means no working hardening occurred in the whole process of RCT. With the plastic theory, the correlation 
between collapse stress σo and plastic moment Mp can be obtained by  

Mp = 1/4 σ0 t 2 L            (1) 

where Mp is defined as the moment, at which the entire cross section is under its yield stress. Furthermore, 

based on the law of conservation of energy, the external virtual work done by P0 is known to equal the internal 

virtual work done by Mp. Thus, the collapse force can be defined as  

P0 = (4 Mp) / R= (σ0 t 2 L) / R          (2) 

For working hardening material, a similar correlation can also be established and be used to get the collapse 
stress σ0, as shown below:  

σ0 = α P0 R / (t 2 L)            (3)  

Note that the constant α equals 0.866 in this work because the value of α depends upon the lengths of sample. 

α equals 0.866 when the sample is in a plane strain state (longer than one diameter) in contrast to 1 in the 

plane stress state(L < 5 t). Besides, the influence of the testing temperatures can be considered to be included 

in the natural definition of collapse force, so these all equations are appropriate to be used in present study. 

Collapse stress is calculated from RCT, and then can be linearly correlated to the UTS of tensile test through 

the following coefficients 
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Rm = σ0 / KUTS             (4) 

The load-displacement curves obtained from the RCT as shown in Figure 9 basically demonstrated two 

different main types of results. Increasing the hydrogen concentration, it is possible to see that the samples 

with 189 wt. ppm H2 without hydrides have the point of contact between the upper and lower face (where there 

is the huge change of slope) higher than the other concentration (the sample with 0 ppm was already deformed 

due to the initial pre-load). This indicates that the samples with a higher hydrogen concentration were less 

ductile, due to the precipitation of δ-hydrides in the sample. Moreover ring compression tests shown that, at 

this relatively high temperature, the hydrides cannot act as a crack initiation site. We can suppose that 

zirconium metal matrix, may regain enough ductility to accommodate the large plastic deformation even with 

the precipitated hydrides. 

The tests developed from room temperature to the set temperature of 380 °C, showed different tensile strength 
for different hydrogen condition as in Figure 11. After the hydrogen composition with 189 wt. ppm H2, the 

change of the trend indicated that between the 189 wt. ppm and 217 wt. ppm hydrogen concentration, the 
hydrogen solubility limit had been reached. As shown in Figure 12, the maximum solubility of hydrogen in 

zirconium at 380 °C is more or less 215 wt. ppm. In the test performed with 189 wt. ppm H2 the whole amount 

of hydrogen presented in the sample was dissolved in the α-Zr. On the other hand, when the hydrogen 

concentration was higher, the excess amount of hydrogen precipitated and formed the δ-zirconium hydride. 

This stable phase has a different density and lattice structure and dimensions which can cause the hydrogen-
embrittlement behavior. The tensile strengths Rm, which could be obtained by converting the collapse loads 

with Eqs. (3) & (4) are summarized in Table 2. 

Table 2 Tensile strength (Rm) at the test temperature 380 °C with different hydrogen content 

Number of specimens H content  

(wt. ppm) 

Tensile strength (MPa) 

1 0 236.9 

2 189 193.6 & 207.04 

2 217 293.3 & 270.47 

2 328 287.97 & 271.41 

1 393 287.39 

 

 

Figure 9 Load-displacement curve of ring 

compression test 

Figure 10 Schematic of test specimen during ring 

compression testing 
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Figure 11 Tensile strength at 380 °C with different 

hydrogen concentrations 

Figure 12 Binary Zr-H phase diagram  

4. CONCLUSIONS 

• Ring Compression Test is an interesting test method to determine some useful mechanical proprieties 
in hoop direction of tube-shape materials. Its cost-reducing and the low material consumption gave the 

test a real potential. 

• The zirconium alloy E110 in full recrystallized condition showed that at this temperature and with these 

hydrogen concentrations, the hydrides can’t act as a crack initiation site.  

• The experimental results showed that this test is very sensitive to low hydrogen concentration. For only 
328 wt. ppm of hydrogen, a remarkable effect in the collapse load is produce.  

• The presence of δ-hydrides in the samples causes an increase of tensile strength due to the presence 

of harder (always more brittle) particles within the microstructure. 
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Abstract  

Today neodymium plays a very important role as a main component of Nd-Fe-B magnets, which are 

indispensable for clean energy application. Therefore, the short information about neodymium and its 

production in the last years are presented. The article briefly gives also the short characteristics of Nd-Fe-B 

magnets, as well as their appliances and methods of obtaining. For these magnets, the amount of production 

was compared in 1987-2016, and the main producers in 2015 are indicated. Perspectives for the production 

of Nd-Fe-B magnets in the following years are shown including the declining resources of rare earth metals 

and the simultaneous increase of their demand and taking into account the dominant producer and monopoly 

of China. The review of available methods of recycling of Nd-Fe-B magnets is presented focusing on 

hydrometallurgical and pyrometallurgical methods. 

Keywords: Neodymium, Nd-Fe-B magnets, methods of Nd-Fe-B magnets recycling 

1. INTRODUCTION 

Neodymium belongs to the rare earth metals, which play significant role in today`s life (they are used for 

production of smart phones, digital camera, computer hard disks, fluorescent and light emitting diode lights, 
flat screen TV, computer monitors) [1]. Figure 1 shows the percentage world demand by application for rare 

earth metals in 2015. Neodymium is an important element for such application like permanent magnet, Nd-

alloy, battery, rare earth catalyst, automotive catalyst and semiconductor [2,3]. During the last 100 years it is 

observed the constant development of permanent magnets, from ferrites, Alnico, Sm-Co to Nd-Fe-B magnets 

[4, 5]. It is caused mainly due to their better properties and availability. Nd-Fe-B permanent magnets found 

application mainly in wind-energy generation, heavy/light green-hybrid vehicle, electrical storage device, 

electronics storage devices, notepad/laptop/computer hard drive, mobile telephones, medical devices, 
scientific instruments [6, 7]. Table 1 shows the requirements for 

neodymium oxide in such application [8]. 

Nd-Fe-B magnets have a higher remanence, a much higher 

magnetic coercivity and energy density (maximum energy 
product - BHmax), but often a lower Curie temperature compared 

to other magnets. Neodymium is often used with terbium and 

dysprosium to retain magnetic properties at high temperatures. 

Nd-Fe-B permanent magnets have different life cycles, 

depending on the application: from 2-3 years in consumer 

electronics to 20-30 years in wind turbines [9]. 

The production of Nd-Fe-B magnets has been constantly 
increasing (see Table 2 [10, 11]). The global production of Nd-

Fe-B magnets will grow by 4-5% per year. Thus, in 2020, it is 

estimated that the production size will increase to 120,000 tons. 

However, in the years 2021-2026, the estimated production of 

Nd-Fe-B magnets will remain stable, and even a slight downward 

trend is expected (up to -1% per year) [12], which will be caused 

Figure 1 Percentage application of 

rare earth metals in 2015 [1] 
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by problems with neodymium availability and its high prices (see Table 3 [13]). These estimations, however, 

may differ from reality, including due to the price inflation and the rare earth metals market. 

Table 1 Demand for neodymium oxide for different application in 2010 and 2015 in tons [8]  

Application 2010 2015 Application 2010 2015 

Motors, industrial general auto 7122 10912 Sensors 982 720 

HDD, CD, DVD 4117 7101 Hysteresis clutch 879 687 

Electric bicycles 2549 3570 Generators 769 400 

transducers, loudspeakers 2609 3118 Energy storage systems 670 1091 

Unidentified and other 1995 2878 Wind power generators 583 4402 

Magnetic separation 1466 1558 Air conditioning compressors 559 1091 

MRI 1228 720 Hybrid and electric traction drive 214 2308 

Torque-coupled drivers 1117 1091 Gauges, drives, brakes, etc. 2186 3113 

Total 29046 44761  

Table 2 Production of Nd-Fe-B magnets in tons in years 1987-2016 [7, 10, 11] 

Year 1987 2007 2015 2016 

Nd-Fe-B production in tons 350 63,000 78,000 90,000 

Table 3 Prices of neodymium oxides in tons in 2013-2017 [13] 

Year 2013 2014 2015 2016 2017 

Price, dollars per kg 65-70 56-60 39-42 38-40 56-59 

In 2012, China produced about 80% of magnets, while in 2015, this value increased to 83% (see Figure 2). 

Since 1990 China has played a dominant role in the extraction and 

production of rare earth metals. The production of rare earth metal oxides 

in 2016 was around 126 000 tones. Currently, the main producers are: 

China (84%), Australia (11%) and Russia (2%) [14]. Thus, it is 

understandable that China is the main exporter of rare earth metals and 

also Nd-Fe-B magnets. Therefore, the forecast of the Nd-Fe-B magnets 

production must also be taken into account the difficulties in rare earth 

metals mining, environmental impact, mining dominance of China, fast-
growing prices and huge demand [12]. It should be also mentioned that 

there are different methods of Nd-Fe-B magnets production: Nd-Fe-B 

alloys can be manufactured into resin bonded magnets (containing 10% 

epoxy resin) or into fully dense sintered magnets. Considering all above, it 

is obvious that in the nearest future the more and more focus will be put 

on the recovery rare earth metals such as neodymium and dysprosium 

from used Nd-Fe-B magnets.  

2. METHODS OF NEODYMIUM RECOVERY FROM USED Nd-Fe-B MAGNETS 

At present the recovery of metals, especially critical and precious ones, from different waste materials become 

the necessity [14-16]. It eliminates many dangerous pollution generated during the production of primary 

metals in ore mining, leaching, solvent extraction. Recycling avoids also unwanted byproducts; however the 

Figure 2 Main producers of Nd-

Fe-B magnets in 2015 [7] 
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recycling process is sometimes also not so easy as it may seem. Different recycling methods of Nd-Fe-B 

magnets have been carried out during the last 20 years [17-27]. Such magnets apart from iron and rare earth 

elements (REE) contain also a lot of additional materials such as organics (adhesive, oil) or coatings 

(especially nickel). The recycling methods of Nd-Fe-B magnets can be divided taking into account the final 
product (see Figure 3): 

• waste-to-REE approaches, which can be mixture of rare earth metals or individual metal,  

• waste-to-alloy approaches, 

• direct reuse, 

• magnet-to-magnet approach. 

Considering different waste magnets it can be divided into: swarf originating from magnet manufacturing, small 

magnets in End-of-Life consumer products and large magnets in hybrid and electric vehicles or wind turbines 

[17]. Direct reuse can be used only for the large magnets. In all other cases, the pyrometallurgical and 

hydrometallurgical methods or gas-phase extraction or hydrogen decrepitation or others have to be used for 

further processing. 

Magnet-to magnet approach allows for the ten or more metals present in sintered Nd-Fe-B magnets to be 

recycled simultaneously; it has a lot of advantages such as: simplicity, lower cost when compared to traditional 

recycling methods. It also allows for the development of a closed-loop recycling system for rare earth metals 

magnets, therefore reducing the emissions to the atmosphere. These methods also have good results on a 
commercial scale, additionally with improved magnetic performance (see Table 4). 

 

Figure 3 Diagram of various process options to recycle rare earth metals from permanent magnets [18] 

2.1. Hydrometallurgical methods 

During hydrometallurgical methods the waste magnets are treated by strong acids or basic solutions in order 

to selectively dissolve metals and then recovery of them using such processes as leaching, solvent extraction, 

ion exchange and precipitations. The first step includes dissolution of magnets applying different typical 
inorganics acids (see Table 5). However this process is non-selective, the all metals are present in 

concentrated leach solutions (40-60 g/L REE), which contain also a large amount of iron (100-120 g/L Fe), and 

then is available for metal recovery. For recovery neodymium from such solution and also other rare earth 
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metals different methods are used; for example selective precipitation by double salt, fluoric acid or oxalic acid, 
followed by iron removal, or solvent extraction of iron, followed by solvent extraction for Nd or Dy. Figure 4 

shows exemplary route of hydrometallurgical treatment of waste Nd-Fe-B magnet.  

Table 4 Comparison of properties and chemical composition of primary production of Nd-Fe-B magnets and  

  Nd-Fe-B magnet-to magnet recycling [19] 

Properties 

Magnet Magnetic coercivity,  

bHc (kA/m) 

Intrinsic 
coercivity, iHc 

(kA/m) 

Energy 
density, BHmax 

(J/m3) 

Operating 
temperature, T 

(°C) 

Remanence, 
Br (T) 

Primary production  915 1512 270.5 180 1.2 

Recycled magnets 1002 >1592 323.9 180 1.3 

Chemical composition, wt. % 

Magnet Fe Nd Dy Pr B 

Primary production  66.88 18.00 6.15 4.60 1.02 

Recycled magnets 64.57 21.63 3.96 6.43 0.93 

 

Figure 4 Scheme of possible hydrometallurgical recovery of neodymium from permanent magnets [20-23] 

2.2. Pyrometallurgical methods 

The pyrometallurgical methods have a bigger environmental impact than hydrometallurgical methods due to 

high material losses and electricity consumption; however still pyrometallurgical methods are treated as the 

alternative. Such methods enable to remelt the REE alloys or extract them from transition metals in the metallic 

state or to recycle rare earth metals of partly oxidized magnet alloys (respectively direct melting, liquid metal 
extraction, electroslag refining, glass-slag method - Table 6 presents the short characteristic of the mentioned 

methods). 
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Table 5 Leaching process of permanent magnets in different acids [14, 24-27] 

Applying medium Characteristics 

Ammonium chloride chlorination with NH4Cl; Nd-Fe-B primary phase was selectively converted to NdCl3 together 
with α-Fe and Fe-B solid residues by chlorinating at 573 K for 3 h. 

Hydrochloric acid and 

oxalic acid 

Ni-coated Nd-Fe-B magnets are treated with 3 M HCl and 0.2 N oxalic acid solutions, h=3h, T 
= 283 K; as a results 99% of Nd is recovered as neodymium oxalate. 

Hydrochloric acid Leaching > 80% of Nd and Dy, roasted Nd-Fe-B magnets were selectively leached by 0.02 
mol/L HCl solution in an autoclave at 455 K with the ultrasound applying. 

Nitric acid Nd-Fe-B magnet scraps was dissolved in nitric acid, then HF was added, which results in the 
formation of neodymium-iron fluoride double salt; then this salt was dried and calciothermically 
reduced to the metallic state. 

Sulfuric acid 1 kg of Nd-Fe-B magnet scrap was dissolved in 10 l of 2M H2SO4; pH is low (0.2) to protect 
Fe(OH)3 precipitation, then pH of the leach solution increased to 1.5 at which double salt of 
Nd is formed, then this salt is leached in HF to form NdF3. 

Table 6 Short characteristics of pyrometallurgical methods used for recycling permanent magnets [14, 17] 

Methods Characteristics 

Electroslag refining Applied for clean and big scrap, remelted as electrode or melted as an addition to liquid bath.  

Direct melting Scrap is decarbonized by heating, then heated in the atmosphere of H2 to reduce Fe2O3, as a 
result oxides of rare earth metals are reduced by calcium. 

Glass slag method  Nd-Fe-B scrap is melted with liquid B2O3, which selectively dissolves REE and show tendency 
to supercool to a glass; glass slag is dissolved in H2SO4, followed by selective precipitation.   

Liquid metal 
extraction 

For wide variety of scrap, producing very clean material; consist of selective dissolution of REE 
by a liquid alloy system, the REE and transition metals distribute themselves between two 
immiscible liquid metal phases. 

Gas-phase 
extraction  

To recover metals by chlorination and carbochlorination (Cl2 and CO in N2 stream), metals are 
transformed into volatile chloride and separated based on differences in volatility. 

3. CONCLUSIONS 

Taking into account the development of new technologies for which growing demand for the rare earth metals 

is observed, in the nearest future the production of the rare earth metals, especially neodymium should be 

increasing. It is possible to open new mines, however it is associated with high capital cost. Therefore, recycling 

of materials, containing such metals is highly desirable, and even not only economically but also 

environmentally more appreciated than exploitation of new mineral deposit. There are various recycling 

approaches for the recovery neodymium from Nd-Fe-B magnets, i.e. hydrometallurgical and pyrometallurgical 

methods. Both has some advantages and disadvantages. Today the more and more popular becomes magnet-

to-magnet route using hydrogen decrepitation. This method is more favorable to environment than mentioned 

earlier methods and additionally more simple and cheapest than traditional recycling methods. Because up to 

2011 less than 1% of rare earth metals were actually recycled [17]; thus improvement in recycling is necessity 

and should be drastically improved in the nearest future. 
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Abstract  

The ore raw materials of Au, Mo producing industry are predominantly sulphide. Technologies for their 
processing include the oxidation stage, for which chlorine, oxygen, ozone, nitric acid, Mn(IV), Fe(III), NaCiO 
are used. The nature of the oxidant and ligand of metal ions determines the kinetics of dissolution of minerals. 
Gravimetric, redox-measurements with gold-bearing ore and concentrate of the Kokpatas field and dissolution 
electrokinetics using a rotating disk electrode, with chalcopyrite-mineral of Cu-Mo ores of Almalyk field are 
conducted. Dissolution of sulfide mineral under the redox potential or its equal anodic polarization is 
represented by steps: - dissolution of the outer layer of the mineral; - diffusion of Cu(II), Fe(III) ions out its 
volume, - enrichment of the interphase boundary with sulfur (passivation). Electrokinetics measurements with 
chalcopyrite revealed a similarity of the processes of its reagent and anodic dissolutions in an acid medium: 
both were accompanied by passivation of the surface. For chalcopyrite the diffusion coefficient of Fe (III), Cu 
(II) ions in its solid state was calculated. 

Keywords: Sulphide ores, chalcopyrite mineral, electrokinetics 

1. INTRODUCTION 

Uzbekistan is one of the world's largest producers of gold, copper, molybdenum, supplying to the market also 
zinc, cadmium, rhenium, uranium. Crude ores of mining industry are predominantly of sulfide nature, such as 
copper-molybdenum raw materials of JSC “Almalyk MMC” and persistent gold-containing ores of JSC “Navoiy 
MMC”. Their processing technologies include a step of ores’ oxidation, either by means of firing Cu-concentrate 
in a reverberatory furnace, or roasting Mo-concentrate, bio-oxidation of gold ores. In hydrometallurgical 
technologies for these types of raw materials, the leaching kinetics depends on the nature of the metal ion and 
its ligand. Except for bio-oxidation, most sulfide ore’s opening takes place in a chloride, bromide [1], iodide, 
fluoride [2], thiourea, thiosulfate [3] media provided with oxidizing agents: chlorine [4, 5], oxygen [6], nitric acid 
and oxygen [7-9], Mn(IV), Fe(III), hypochlorite [10, 11]. In a series of oxidants ozone is noted to oxidize 
chalcopyrite CuFeS2 and pyrite FeS in solution: H2SO4 30-50 g/l; ozone 100 mg/l with solid:liquid (S:L) ratio 
1:(3÷75), temperature 45 °C, time (t) up to 3 h at Alaverdi plant of “Armenian Copper Programme Co“, despite 
the high power consumption of its generation (14 kWh / kg O3) [12].  

Goal of the research: basing on oxidizers: hypochlorite and (ozone / oxygen + HNO3) mixture, to consider the 
kinetics of refractory gold-containing ores opening. Their percolation leaching is cost-effective for ores Au-
concentrates, but not for low-grade ores. The reason seems to be in the little-studied passivation phenomena 
of the metal sulfide’s surface, which can only be overcome by an autoclave method. It was of interest to assess 
the chrono-redox and kinetics of ore’s leaching by a behavior of the Au-concentrate from Kokpatas mineral 
deposit (Uzbekistan) and pure artificial chalcopyrite in the oxidizing system. 

2. OXIDATION AND PASSIVATION OF SULFIDE ORES 

2.1. Methodological bases 

Samples of Au-containing ore and concentrate (Au 17 g/t) from Kokpatas deposit shredded to grinding class 

0.074 mm, with pyrite and arsenopyrite in its composition (90-97% of total sulphide content), synthetic 
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chalcopyrite [13, 14], were the object of study. Oxidizing media redox-potential was controlled with 

potentiometer EV-74, Pt measuring electrode, saturated silver chloride electrode (s.c.e.) as a reference 

electrode in a 125 ml cell, where the ore samples were placed and a stopwatch was switched on. The mineral-
aqua suspension was stirring for a time controlled on a magnetic stirrer (Figure 1).   

   

Figure 1 Ozone generator with 

redox-potential control system in 

ores samples oxidizing media 

Figure 2 0.15 dm3 sealed 

vessels with Teflon inserts 

without pressure control 

Figure 3 Laboratory autoclave with 

oxygen supply to the chamber and 

pressure up to 1.5 MPa 

Solution’s analyses on Cu, Fe were fulfilled on atomic absorptive spectrometer "Perkin-Elmer" RE 30300 [15], 

Au and Ag - on Aligent 7500 IСP MS; electrokinetic measurements - on a PI-50-1 potentiostat, with a rotating 

disk electrode (RDE) (∅ 5 mm), from synthetic chalcopyrite CuFeS2 in Teflon, angular velocity (ϖ) 0-200 rpm 

[16-17]. Autoclaves at a temperature of 25-180 °C were applied for sulfid ore oxidizing of both types: 1) 0.15 
dm3 sealed vessels with Teflon inserts without pressure control (Figure 2), 2) 0.5 dm3 - with forced oxygen 

supply to the chamber and pressure up to 1.5 MPa (Figure 3). Samples mass was always 12 g.; S:L ratio 

changed from 1: 5 to 1:75. Leaching solutions composition,%: No.1 - NaClO 17.0; H2SO4 1.25 (120°C, 0.5-5 

h); No.2 - HNO3 10, H2SO4 1.25 (30-105 °C, 0.5-5 h), No.3 - H2SO4 5.0; thiourea 5.0; bubbling O2 (25 °C, 5 h); 

No.4 - H2SO4 5.0; thiourea 5.0; oxidizer O2, at a pressure range 0.1-1.5  MPa (110 °C, 5 h). 

2.2. Experimental part 

Extraction of gold and silver from Kokpatas ore concentrate containing, g/t: Au 14.6; Ag 14.8 is illustrated in 
Table 1. 

Table 1 Recovery of Au and Ag from Kokpatas ore concentrate 

Oxidation and leaching in solutions No. 1-4 
Recovery, % 

Au Ag 

Oxidation (No. 1) 0.34-0.13 64.2 

Oxidation (No. 1), leaching (No. 3) 14.1 62.3 

Oxidation (No. 2) 0.35-0.27 6.3-14.5 

Oxidation (No. 2), leaching No. 3) 7.05 10.1-14.5 

Autoclave oxidation (No. 4) 91.3±8.4 85.2±7.4 
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From Table 1 it follows that the recovery of Ag from systems No. 1-3 is higher than that of Au, which is 

explained by its localization in the crystal lattice of sulphides in the form of Au0, Au+1, Au+ 3, according to NGR 

(Messbauer) spectroscopy [18]. In addition, hypochlorite, other things being equal, is more effective than nitric 

acid. Contribution to the drop in Au recovery, in time, from 0.5 to 5 h, in solutions Nos. 1-3 is sulfides’ 

passivation. Their depassivation in an autoclave is effective especially after the oxidation of sulfur by oxygen 

to the anion SO42-. However, this requires a temperature above 150-200 °C and an O2 pressure over 2.0-2.5 

MPa. In addition, the temperature rise above 119 °C (the melting point of sulfur) is impractical, since liquid 

sulfur blocks the surface of Au-concentrate particles, which reduces the Au recovery. It fellows also from  
Table 1, that the recovery of Au from system No. 4 is higher than Ag, due to the destruction of sulfide crystal 

structures. 

Gravimetric and redox measurements with Kokpatas ore in solution No. 2 - HNO3 5-55, H2SO4 1.25; with 
bubbling with a mixture of O3/O2 (Table 2). 

Table 2 Opening degree of ore (η, %), 20 min, 24 оС, S : L = 1:75 

No. Solution, composition, % 
Mass (g) 

Redox potential 
(s.c.e.) (mV) 

η, %, relative to the 
control 

initial final   

2.1 5%  H2SO4  + 5%  HNO3  + ore + О3/О2 1.04 0.739 + 840 87.75 

2.2 5%  H2SO4 + 15%  HNO3 + ore + О3/О2 1.03 0.718 + 930 90.96 

2.3 5%  H2SO4 + 25%  HNO3 + ore + О3/О2 1.04 0.702 + 960 98.54 

2.4 5%  H2SO4 + 35%  HNO3 + ore + О3/О2 1.05 0.718 + 985 96.79 

2.5 5%  H2SO4 + 45%  HNO3 + ore + О3/О2 1.04 0.716 + 1000 94.46 

2.6 5%  H2SO4 + 55%  HNO3 + ore + О3/О2 1.03 0.724 + 1030 89.21 

5 Control (1 h in a conc. HNO3 + О3/О2) 1.03 0.687 - - 

The degree of opening of ore samples (η) No. 2.1-2.6 in this medium, with a step-by-step transition from 5 to 

55% HNO3, first increases from 87.7% to 98.5%, at the maximum (in 25% HNO3), then decreases to 89% 

(55% HNO3). The form of the dependence η - [HNO3] is an inverted parabola. The surface of sulphide ore, 

with the buildup of redox-potential, is passivated. 

The reason for its passivation is the formation of a film of elemental sulfur on a surface in a system with redox 

potential: + 960 mV. 

The analysis of ϕ-pH (Pourbaix diagrams) in the behavior of sulphides of the 2-valent metal suggests 

dissolution reactions in acids: non-oxidizing (1) and oxidizing (2, 3); (s) = solid, (aq) = aqua; (for example, for 
Fe (II) (Figure 4) [19]: 

MeS (s) + 2H+ (aq) = Me2+ (aq) + H2S (aq)         (1) 

MeS (s) + 2Ox (aq) = Me2+ (aq) + S (s) + 2Ox- (aq)        (2) 

MeS (s) + 8Ox (aq) + 4H2O (aq) = Me2+ (aq) + HSO4- (aq) + 8Ox- (aq) + 7H+ (aq)    (3) 

It follows from the Pourbaix diagrams that reaction (1) often is not realizable. On the other hand, it happens 

that it is thermodynamically favorable, but the kinetics of oxidation (dissolution) is slowed due to passivation 
of the surface (Table 1). For chalcopyrite, for example, passivators are proposed as follows: elemental sulfur, 

polysulphides, jarosites and jarosite-like compounds. 

The kinetics of dissolution of chalcopyrite by the RDE method, which ensures equal surface availability during 

diffusion of discharged particles, and the possibility of calculating the particle flux to the interaction zone, is 
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studied (Figures 4-6). This method is convenient in that it allows maintaining the anodic polarization of 

chalcopyrite at potentials ϕ equal to the values of redox potential shown in Table 2, without introducing an 

oxidizing reagent into the solution. The mixed potential of the electrode, in the absence of an oxidizer in the 

H2SO4 solution, is not in equilibrium. The anodic polarization of chalcopyrite was maintained in the range  

ϕ = + (750 ÷ 950) mV. 

   

Figure 4 Dependence of ia - ϕ, at 

20 °C, in 5% H2SO4, the time of 

the onset of polarization is 5 sec 

(a) and 55 sec (b). 

Figure 5 Dependence of ia on  

the polarization time, ϕ = +850 

mV, 20 оС, in a solution  

of 5% H2SO4. 

Figure 6 Dependence of ia on  

the root of the square angular 

velocity of rotation of the  

RDE, ϕ = +850 mV 

2.3.  Result and its discussion 

In Figure 4 the dependence of the anode current density ia of the anode oxidation of chalcopyrite on the 

potential ϕ, in its indicated range, at 20 °C, in 5% H2SO4, is offered. It can be seen that if the time from the 
moment the polarizing voltage is applied to the electrode is small (5 sec), then ia increases, reaching a value 

of 120 mA/dm2 (curve a). And if this time reaches 55 seconds, then ia is small: not exceeding 3 mA/dm2 (b). 

The shape of the ia(t) curves can be of two types [14-16]: 1st, ia = const: the rate is limited by the stage of 

electron transfer: the second - the decrease of ia in the potentiostatic regime in time, which means diffusion 

control. For chalcopyrite, the current decay (Figure 5) at ϕ = +850 mV, characteristic for oxidative leaching 

(compare with the range from +840 to +930 mV at Table 2), indicates a diffusion control of the velocity. But 

the value of ia was not affected by the rate of agitation of the solution, which rejects diffusion in the aqueous 

phase as the limiting stage of the oxidation reaction. For a process with diffusion control on a flat surface, the 
function ia(t) is described by the equation (4) [16]: 

( )
5.05.0

5.0

t

CDFn
ti b

a π
=            (4) 

in which ia(t) is the current density in time; n is the number of electrons transferred in the course of particle 

diffusion; D is the coefficient of their diffusion at the limiting velocity; Cb is the volume concentration of diffusing 

particles; F is the Faraday constant; t is time. 

In Figure 6 the dissolution current density of chalcopyrite as a function of t-0.5: at a constant potential, looks 

like linear, which means diffusion control (in a solid body) of the reaction. The diffusion coefficients of metal 

ions in the solid phase: from the depth to the interface, through the sulfur crystal sublattice are calculated from 

the tangent of the slope of the graph. The diffusion coefficient (DMe) of metal particles lies in the range: 10-15-

10-14 cm2/s. 

It is a combination of the diffusion coefficients for Cu2+ and Fe2+ (5): 
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( )25.05.0

FeCuMe DDD +=           (5) 

where: DMe is the diffusion coefficient of metal particles from chalcopyrite to a solution determined by (1); DCu 

and DFe are the diffusion coefficients of Cu and Fe in CuFeS2. 

It is assumed that the metal is "washed out" from the outer layers of the mineral. The diffusion control of the 
process speed is confirmed by the constancy of the function ia(t) in time (for t > 30 sec) with a chrono-potential 

of ϕ = +850 mV (Figure 2), which indicates a decrease in the diffusion coefficient of Cu and Fe due to the 

compaction of external layers of the mineral or with the formation of the phase of sulfur. At smaller excavations 

of polarization (t < 30 s), ia(t) rises with increasing ϕ. Figure 1 (b) shows the dependence of ia(t) at an exposure 

of 55 sec in the range of potentials ϕ = +(750÷950) mV. It can be seen that ia(t) depends little on ϕ, which is 

connected with the diffusion control of the reaction of oxidative dissolution in the solid phase and the high 

concentration of metal in it. 

3. CONCLUSION 

The process of dissolution of sulphide minerals is presented in the following sequence: - dissolution of the 

outer layer of the mineral - shortly high densities of the anodic dissolution current; - diffusion of Cu, Fe ions 

from the volume of the mineral, with their surface depletion; - enrichment of the mineral interface with sulfur, 

leading to a drop in the diffusion coefficients of metals; - formation of a diffuse layer deep into the surface of 

the mineral with its enrichment with sulfur (passivation). The observed "parabolic" leaching of the Kokpatas 

ore confirms this phenomenon. Electrokinetics measurements using chalcopyrite RDE were used to study the 

similarity of chemical leaching processes (in oxidizing medium) and anodic passivation in an acid medium.  
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Abstract 

Zn-based alloys are widely used mainly as a protective coating in corrosive environments. Therefore, their 

research is mainly focused on their corrosion resistance properties and less effort is devoted to the study of 

mechanical properties, particularly to potential defects under mechanical load in certain applications.  

The aim of this paper is to characterize the cracking behaviour of three coatings: Zn, Zn5Al and Zn5Al0.5Mg 

on a steel substrate before and after plastic deformation. This behaviour has been studied by observation of 

cracks occurred on the surface and on the longitudinal section after bending in various angles (0°, 5°, 10°, 15°, 

30°, 60°, 90° and 180°). Metallographic sections were prepared by conventional metallographic procedures 

and cracks were observed by laser scanning confocal microscopy (LSCM).  

Higher bending angles and more complex chemical composition led to formation of higher number and density 

of cracks, especially in case of alloy system containing Mg. With higher bending angles cracks transformed 

from interface, confined and surface cracks to through cracks. However, this type of crack exposes the 

substrate to the environment. Coatings after plastic deformation showed significantly improved cracking 

behaviour. 

Keywords: Zn-based alloys, crack, plastic deformation 

1. INTRODUCTION 

Research on fracture mechanics of galvanized coatings is currently limited. Study of microstructure, adhesion 

of coating layer or coating thickness is very important for final determination of mechanical properties of 

coatings. Ochiai et al. [1] examined the influence of the coating thickness and applied strain on a crack density 

of galvannealed coatings under tensile loading. Song et al. [2] experimentally and numerically investigated 

fracture behaviours of galvanized coatings that contain only the η layer under tensile loading. Furthermore, 

alloying elements and the corresponding inhibition layers were found to influence the adhesion properties and 

hence interfacial strength of the coatings [3, 4]. Tzimas and Papadimitriou [5] examined the fracture behaviour 

of the multiphase layered coatings under 3-point bending of galvanized coatings prepared at 560 °C comprising 

δ, δ+η, and η phases. They deduced from crack population measurements that the crack density is dependent 

on the magnitude of applied strain but independent of the coating thickness. Ploypech et al. [6) investigated 

the influence of the coating layers' thicknesses on fracture resistance of the zinc-iron intermetallic layers of 

galvanized coatings subjected to four-point bending. The critical bending angle and hence the fracture 

resistance were found to decrease when either the total intermetallic thickness or the relative intermetallic 

layers' thickness increases. Enlarging the η layer was found to help slowing crack growth in the intermetallic 

layers. Above mentioned publications provide deeper understanding of crack formation which is crucial for 

future development of new coatings and production technology. Present study further extends general 

understanding by introducing the statistical results of crack formation in hot-dip galvanized coatings prepared 

via double dip process. 
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2. EXPERIMENTAL 

Wires were coated using traditional continuous hot-dip galvanising process, using the double dip approach 

and subsequently drawn through a series of drawing dies. High carbon steel was used as a substrate. Nominal 
chemical composition is provided in Table 1. Diameters of the wires are presented in Table 2. 

Table 1 Nominal chemical composition of used steel (wt.%) 

C Si Mn Ni P S Cr Mo 

0.85-0.9 0.15-0.3 0.5-0.6 max 0.1 max 0.02 max 0.02 max 0.08 max 0.02 

Table 2 Diameters of investigated wires for cracking resistance measurements 

Zn 
Zn  

1st draw 
Zn5Al 

Zn5Al  

1st draw 
Zn5Al0.5Mg 

Zn5Al0.5Mg 

 1st draw 

6.0 mm 5.5 mm 6.1 mm 5.5 mm 6.6 mm 6.1 mm 

Straightened wire of approximately 0.6 m was cut in 16 cm long sections, convenient for further analysis. For 
plastic deformation, crack initiation and crack propagation studies a three-point bending (Figure 1) was used 

with 15 mm bending radius. Bended wires were then cut using linear precision saw in a way that the apex 

region of bends could be mounted in a conductive resin for preparation of longitudinal cross section. Further 

metallographic preparation consisted of grinding and polishing. Grinding started with 80 grid water resistant 

sand paper until longitudinal axial cross section of the sample was achieved. Preparation further continued 

with grinding by 240 and 600 sand papers using water as a coolant. For 1200 and 2500 sand papers alcohol 

was used as a coolant to prevent the sample from corrosion. For polishing, polishing clothes for nonferrous 

metals with diamond suspension 3 μm, 1 μm and 0.25 μm were used. At least three crack types and crack 

density measurements were performed on each coating of each bend and average value was reported. 

 

Figure 1 Three-point bending illustration 
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Crack types and crack density were studied on laser scanning confocal microscope ZEISS LSM 700 in bright 

field mode. Measurement of crack density was inspired by Tzimas and Papadimitriou [5] who defined crack 

density as a quantity of various types of cracks in dependence on distance from the apex of the bend. Distance 

was set to be 10 mm, 5 mm on each side from the apex of the bend. This distance was divided into 10 sections, 

each 1 mm long. Number of cracks was determined for each section and separated according to their types. 

Final evaluations resulted in the series of graphs for each coating and bending angle. 

To evaluate the results with proper satisfaction, one has to be aware of imperfections and limitations the study 

is inevitably affected with, such as: coating microstructure variation around the circumference as well as along 

the wire length, wire diameter and coating weights differences. Furthermore, cracks are observed on the plane 

which represents the central plane in longitudinal direction and passes through the apex of the bend. Not every 

crack, however, appears to form on this plane. Instead, cracks may form on both sides of the wire off the 

central plane. These cracks can reach the central plane and will influence the final identification of crack types. 

For example, a through crack localized right next to central plane can be identified as a confined crack on the 

central plane. 

3. RESULTS& DISCUSSION 

According to Ploypech et al. [7] the crack type distribution was analysed resulting in a dependence of the 

bending angle-on-crack type. Since three morphologically (chemically) different types of coatings were 

analysed, crack type differentiation was modified, in contrast to Ploypech et al., to provide satisfactory 

comparison between the coatings. Cracks were divided to four classes (colour variations are used for a 

differentiation in the graphs, Figure 2 is presented as an example): Interface - initiates at the substrate-coating 

interface and doesn’t reach the surface, Confined - confined crack in the coating, doesn’t reach surface nor 

substrate, Through - crack which exposes the substrate, Surface - initiates at the surface of the coating and 

doesn’t reach the substrate. 

 

Figure 2 Classification of crack types as seen on Zn5Al0.5Mg alloy bend to 180°,  

scanning electron microscopy image composed using back scattered electrons 

Figure 3 displays the evolution of crack types during the bending process for all examined samples as a 

dependence of normalised distribution on a crack type on bending angle with highlighted number of exact 

crack type. Figure 4 shows the dependence of crack density on distance from apex of the bend for all samples 

at 180° also with highlighted number of exact crack type. 

THROUGH 

CONFINED INTERFACE SURFACE 

20 µm 20 µm 
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Figure 3 Relative number of crack types in bended coatings 
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Figure 4 Crack density at 180° bend 
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Figure 5 Total number of cracks vs. bending angle 

 

Figure 6 Total number of cracks vs. sample 

Cracking initiation and propagation analysis showed that for Zn, Zn 1st draw, Zn5Al0.5Mg and Zn5Al0.5Mg 1st 

draw wire an initiation of cracks is more common from the substrate-coating interface. On the other hand, it is 

more common for Zn5Al and Zn5Al 1st draw wires that cracks start to appear at the surface. According to 

Tzimas and Papadimitriou [5] all cracks initiated at the surface-coating interface propagate towards the free 

surface of the coating since the strain at the tip of the crack closer to the surface is larger than the strain at the 

other tip of the crack near the substrate.  

Taking in to consideration that a total number of cracks within the coating strongly depends on applied load, 

a Ploypech’s load vs. bending angle dependence [7] could be modified to total number of cracks vs. bending 
angle dependence (Figure 5) even though the power trend was not similar to Ploypech’s (due to differentiation 

in samples and experimental procedures). A maximum can be seen at 90°. This is even more evident in  
Figure 6 where line for 90° is at the top except for sample Zn5Al0.5Mg which tends to form numerous cracks 

at as low angles as 10°. Lower number of cracks at bending angles above 90° indicates higher tendency of 

propagation and joining of cracks rather than formation of new cracks. 

The coatings Zn and Zn 1st draw were most susceptible to the formation of interface cracks as can be seen in 
Figure 7. Since the coating is composed of an Fe-Zn alloy layer and ductile zinc layer, coating-substrate 

interface is the first location for cracks to appear. This is caused by the average thickness (several µm) and 

mechanical properties of the intermetallic phases that form the Fe-Zn alloy layer of pure Zn coatings [8]. For 

all other coatings, the interface cracks formation correlated more with the bending process with maximum 

observed at 90°, except for Zn coating where the formation of interface cracks continues until 180°. 

Confined cracks are mostly present in Zn5Al and Zn5Al 1st draw coatings (Figure 7). This correlates with its 

microstructure where high Al layer builds a greater cracking barrier. Most of the confined cracks develop at the 

high Al layer - low Al layer interface. Rest of the coatings follows similar trend in confined cracks formation with 

smaller ascent at 10° and the maximum at 90°. Extreme population exceeding 120 confined cracks at 10° 
bending angle (Figure 7) in case of Zn5Al0.5Mg is due to random fluctuation in case of one out of three 

inspected wires where number of confined cracks appeared to be 5 times higher. 
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Figure 7 Evolution of four classes of cracks  

Through cracks are the most dangerous cracks since they allow the environment to directly influence the 
substrate. This can lead to sever deterioration of the material. Figure 7 follows the evolution of through cracks 

which start to appear at 10° where Zn5Al0.5Mg coating contains the highest count with 5 through cracks. At 

30° the total number triples for Zn5Al, Zn5Al0.5Mg and Zn5Al0.5Mg 1st draw. At 90° Zn and  

Zn5Al 1st draw reaches their maximum with 7 and 12 through cracks respectively. The highest number of 

through cracks has Zn5Al, followed by Zn5Al0.5Mg and Zn5Al0.5Mg 1st draw coatings with 40, 29 and 18 

through cracks respectively. The performance in this point of evaluation proved Zn 1st draw wire with maximum 

of 1 through crack at 120°. Even though Zn5Al has the highest number of through cracks, Zn5Al0.5Mg 1st draw 

coatings performed incomparably worse, since they produced very wide through cracks with high tendency to 

delamination. 

Surface cracks present a great risk for the coating since they open the coating to the environment. Least 
resistant to surface cracks (Figure 7) are Zn5Al and Zn5Al 1st draw coatings with relatively great difference 

between them compared to the rest of the non-drawn and 1st draw coating pairs. The best performance was 

presented by Zn and Zn 1st draw, probably due to the homogeneous Zn layer. 

CONCLUSION 

• Cracks initiate at the substrate-coating interface for Zn, Zn 1st draw, Zn5Al0.5Mg and Zn5Al0.5Mg 1st draw 

wires. For Zn5Al and Zn5Al 1st draw wires the cracks initiation is more common at the surface. 
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• The maximum of total number of cracks occurs for all samples at bending angle of 90°. The highest total 

number obtained by Zn and Zn 1st draw is approximately one fifth more than for Zn5Al and Zn5Al 1st draw 

and two times more than for Zn5Al0.5Mg 1st draw. 

• Most susceptible to interface cracks are Zn and Zn 1st draw wires with up to three times more cracks than 

the rest of the samples which behaves similarly. 

• Most susceptible to confined cracks are Zn5Al and Zn5Al 1st draw wires producing two to three times 
more confined cracks than the rest of the samples. The best performance showed Zn 1st draw wire. 

• Most susceptible to through cracks was Zn5Al having a third more through cracks than Zn5Al0.5Mg wire 

and three times more than Zn5Al0.5Mg 1st draw wire. The best performance showed Zn 1st wire with only 

1 through crack at its maximum. 

• Most susceptible to surface cracks is Zn5Al wire followed by Zn5Al 1st draw. Four to five times less amount 
of surface cracks occurs in Zn5Al0.5Mg and Zn5Al0.5Mg 1st draw wires. The best performance showed 

Zn 1st draw wire with lowest maximum of 11 surface cracks at 60° bending angle. 

• Compared to non-drawn wire, 1st draw wires have generally greater cracking resistance in all type of 

cracks except the interface cracks where the differences between each bending angle is so substantial 

that these are not comparable. 
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Abstract 

Twin-roll casting (TRC) is a modern method of preparation of aluminum alloys. The distinctive feature of TRC 

is the combination of rapid metal solidification and subsequent plastic reduction in a single combined 

processing step. As a result of intensive heat extraction to the coolant via caster rolls, the melt solidifies and 

undergoes plastic reduction similar to the rolling process. However, some specific microstructural features of 

twin-roll cast strips, which restrict applications of this technology, are known. These are localized centre line 

segregation, surface and near-surface microsegregation and microstructural inhomogeneity. These features 

lead to the deterioration of mechanical properties of the strips, in particular strength, formability and corrosion 

resistance and can only be eliminated during a complex thermomechanical treatment. In the present 

contribution segregations in TRC Al-Mg-Sc-Zr alloy were studied by means of light optical microscopy, electron 

microscopy and 3D X-ray computer tomography. The spatial distribution was succesfully detected and 

morphology was described. 

Keywords: Twin-roll casting, aluminum alloy, segregation, computer tomography 

INTRODUCTION 

Twin-roll cast (TRC) aluminum strips can suffer from macrosegregation of impurities in a form of central 

eutectic segregates or near-surface microsegregation [1]. The formation of these defects usually leads to a 

premature fracture and reduced strength and can influence the fatigue behavior [2]. The segregations consist 

of intermetallic particles and phases of alloying elements with aluminum [3-5]. Due to a higher hardness in 

comparison with the surrounding material and low diffusivity of impurities, the segregations are very difficult to 

diminish and remove during the subsequent thermomechanical treatment [6]. The segregation fraction grows 

with increasing casting rate [1, 7, 8]. Since the presence of mushy zone until the sheet passes through the roll 

nip is responsible for the occurrence of segregation during TRC, there have been several efforts to reduce the 

size of mushy zone and accordingly the degree of segregation by the control of casting parameters such as 

melt temperature, casting speed, etc. Optimization of the casting process and further thermomechanical 

treatment is based on a detailed knowledge of the composition and morphology of segregates. The main 

objective of the present study is to explore the occurrence of segregation in a twin-roll cast laboratory Al-Mg-

based alloy with small additions of Sc and Zr. 

1. EXPERIMENTAL DETAILS 

Strip from AlMg-base alloy with a thickness 5 mm and composition shown in Table 1 was studied. Twin-roll 

casting was realized in a caster with a vertical operation plane. No release agents were applied on the rolls 
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surface before or during the process. The caster is equipped with two on the inside water-cooled rolls with 

outer steel sleeves diameter of 370 mm and barrel length of 200 mm. More detailed description of applied 

experimental equipment is given elsewhere [9]. Material was melted in a resistance furnace with mechanical 

stirring of the melt installed directly above the roll gap. The melt supply into the space between rotating rolls 

occurs by means of intermediate ceramic tundish as well as nozzle with flat channel. The main parameters of 

twin-roll casting were: melting temperature 655 °C, casting rate 2.75 m/min, setback length 80 mm and cooling 

water flow rate 115 l/min. Light optical microscope (LOM) Olympus GX51 and scanning electron microscope 

(SEM) FEI Quanta 200 FX FEG with EDAX energy dispersive spectrometry (EDS) and EDAX electron 

backscatter diffraction (EBSD) camera were used for basic observations. X-ray computed tomography (XCT) 

measurements were carried out using a Nanotom 180NF desktop device from General Electric with a 2316 × 

2316 Hamamatsu flat panel detector and a 180 keV nano-focus X-ray tube with a transmission target. 80 kV, 

240 mA and 7.5 µm3 Voxel size were used as scan parameters for XCT.  

Table 1 Chemical composition of Al-Mg-Sc-Zr alloy (wt.%) 

Al Mg Zr Sc Mn Si Cu Fe Zn 

Balance 3.24 0.14 0.19 0.16 0.11 0.024 0.21 <0.002 

2. RESULTS AND DISCUSSION 

The microstructure of the as-cast strip exhibits significant inhomogeneity through the thickness. Smaller and 

flat grains were observed near both surfaces of the strip followed by coarser grains in their vicinity. The grains 

gradually start to transform into finer equiaxed ones at the distance of about 1.3 mm from the strip surfaces 
(see Figure 1a). Similarly, the distribution of primary phases in Figure 1b shows rather non-uniform distribution 

with a remarkable central segregation (TD, ND and RD stay for transversal, normal and rolling directions, 

respectively). 

 

 

Figure 1 LOM of the as cast strip showing the distribution of grains (a) and primary phase particles (b) 

Detailed analysis of primary particles performed by SEM and EDS investigations shows that several phases 

are present in the observed clusters with an irregular size, number density and shape. They are mainly Fe-

rich particles known from TRC technical low-alloyed alloys with Fe and Si as impurities of the type Al6Fe and 
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α-Al12Fe3Si (cubic or hexagonal) [10, 11]. Moreover, Mg-rich phases known from Al-Mg and Al-Mg-Si systems 
are also present. They are equilibrium β-Mg2Si phase in the Si-containing alloys and β-Al3Mg2 phase in alloys 

with a low Si concentration [12, 13] (see Figure 2). No signs of Sc- or Zr-containing particles were revealed 

by electron microscopy confirming that these elements are fully dissolved in the solid solution.  

 

Figure 2 Back scattered electron image of a cluster of primary phases:  

1 - most probably Al6Fe, 2 - α-Al12Fe3Si, 3 - β-Al3Mg2 and 4 - β-Mg2Si 

However, neither SEM nor LOM could fully describe the distribution of clusters of particles within the volume 

of the specimen. In general, during the solidification of the strip the two solidification fronts approaches each 

other from the surface, and in the case of eutectic reactions (Fe, Si, Mn and Mg in Al) the unsolidified part is 

enriched in alloying elements. When the two solidification fronts meet, solute rich segregations of primary 

particles forms. As can be seen on XCT projections of slubs of several millimetres thick the central 
segregations appear as channels partially preferentially oriented in the rolling direction (Figure 3a). They are 

of irregular shapes and strong differences in their intensities confirmed the SEM observations about the non-

uniform distribution of primary particles in the channels. Similar channels were observed in several TRC 

aluminum alloy [3,14,15]. However, the main features of segregations observed in the present alloy slightly 

differ from the ones described in the above mentioned literature. First of all, the orientations of channels are 

more random, and in addition to centreline segregation strong surface and near-surface microsegregations 
appear (Figures 3b, c). They are the local areas of solidified interdendritic liquid that is enriched in alloying 

elements. The surface segregations are located directly on the surface of the strip, while the near-surface 

microsegregations appear on the grain boundaries in the form of bands up to 0.1 mm thick, oriented towards 

the strip surface. Nevertheless, similar behavior was observed in highly alloyed aluminum alloys and is strongly 

influenced by a roll separating force [16,17]. 
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Figure 3 XCT projections of several mm thick slabs in three principal directions: a) ND, b) RD and c) TD 

3. SUMMARY 

Twin-roll casting of Al-Mg alloy with small additions of Sc and Zr generates central, surface and near-surface 

segregations. Information received from SEM and XCT could provide complementary data about the spatial 

distribution of these macrosegregating objects and also about the composition and shape of main constituent 

phases. The segregations consist of coarse intermetallic particles and eutectic phases of alloying elements 

with aluminium They have a form of discontinuous channels partially oriented in the rolling direction in the case 
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of central segregations, while bands inclined towards the strip surface are the basic characteristic of near-

surface ones.  
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Abstract 

One of the most crucial parameters having deciding influence on the quality of multilayer ceramic forms used 

in precision casting process of aircraft blades, is their thickness. Traditional measuring methods ensure a 

possibility of quantitative determining the factor only after inundating the form with liquid metal and breaking it. 

This article shows the results of the research which aim was to implement the non-destructive method using 

3D scanning in order to determine thickness of forms. Three different kinds of ceramic materials and binders 

were selected and were put on wax model kits. Finally, 7-layers forms were made. Model sets and every of 

applied layers were scanned with 3D scanner. The results of scanning are generated as stl. files, which means 

that they describe geometry of the surface. After applying two scans on each other and processing them with 

the use of software dedicated for scanner, the empty space visible between measured surfaces determine the 

thickness of each layer and consequently the whole covering. The solution is very profitable as it allows to 

detect faulty forms and exclude them from subsequent stages of production. It allows to reduce the 

unnecessary spending which are really enormous in the case of such product. 

Keywords: Metallurgy, 3D scanning, aircraft vanes, ceramic forms, thickness 

1. INTRODUCTION 

The process of precise casting of blades, being critical parts of aircraft engines, is carried out in many individual 

processes, including making wax model, creating wax model sets and multi-layered ceramic mold, wax 

liquation, mold firing, mold basking, inundating, post-casting mechanical treatment and 100% quality control 

of final products .The evaluation of the quality of wax models and ceramic forms is only visual. Quality of these 

semi-finished products have influence on the quality of the finished, many times more expensive product, 

because of the usage of the Inconel alloy to the air blades. The aim of the research was to find a solution which 

in the perspective can reduce production costs and that would eliminate defected model sets and/or ceramic 

forms before the pouring stage. 3D scanning method, which is a very flexible tool for determining the shapes 

and dimensions of the researched elements, turned out to be the best solution. The most useful type of 

scanning for this type of research is the structural light method [1]. It works in such a way that patterns in shape 

of stripes are projected onto the tested element. The light source is a special projector. Displayed image is 

visible on the tested element, and all shapes deform the projected pattern. Dedicated software analyzes 

changes in shape and creates a point cloud on this basis, where each point corresponds to the pixel of the 

camera [2]. The higher resolution of the device, the more accurate results are possible to obtain, was 

demonstrated by Derejczyk and Siemiński at scientific research [1]. Then, thanks to the appropriate software, 

the point cloud is processed into a .stl extension file and that is grid of triangles. The 3D scanning method has 

been applied in many fields of science and engineering, including aerospace industry, as evidenced by the 

work of Kachel, Kozakiewicz, Łącki and Olejnik [3], in which it was presented how the use of 3D scanning led 

to obtaining a three-dimensional model of the MIG-29 aircraft. Another area in which 3D scanners are used is 

archeology and digitization of works of art [4]. 3D scanning is also a very helpful tool used in construction. 

Authors of the publication [5] presented the use of 3D scanning to collect data on the shapes and dimensions 

of existing buildings to facilitate the modernization of their structure. Analysis of the literature indicates that this 
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method has many applications, and its flexibility and the type of results that it receives reveal that the spectrum 

of applications is almost unlimited. The use of this method allowed, after many attempts and methodology 

development, to evaluate the thickness of a multi-layer ceramic mold used for casting critical parts of aircraft 

engines. 

2. METHODOLOGY 

Two wax sets models were used in the research and two molds were made on them, referred later in the article 
as parallel (Figures 1a, 2a) and serial (Figures 1b, 2b), with different gating systems and arrangement of 

individual blade models. Such application of two different systems allowed to analyze the influence of the 

shape of the mold, made by hand on the diversification of its thickness. To make wax model kits, it is necessary 

to use specially prepared for this purpose materials consisting of 30-70% ordinary wax, 20-60% resin, 0-20% 

plastic and 0-5% other substances. The wax used for the tests was characterized by lack of solubility in water, 

green color and absence of smell. The melting point was 64.5 ± 14.5 °C, flashpoint above 200 °C and weight 

density 1.002 g/cm3. 

 
Figure 1 Waxed parallel model (a) and serial (b) sets with markings of individual blades 

Then, multilayer ceramic forms were made on the model sets. They consisted of seven coverings, each of 

them was made from an bond, as well as a ceramic covering with different grain sizes for each layer. Two 
types of binders were used: ludox and hydrolyzed ethyl silicate. Ceramic aggregate was quartz. Figure 2 

presents multi-layered ceramic forms with the markings of individual blades as well as lines of cross-sections 

parallel to the bases of the blades. 

 
Figure 2 Parallel (a) and serial (b) forms together with the markings of individual blades and lines denoting 

cross-sections 
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In order to obtain accurate results of the mold thickness, two-stage tests were performed by 3D scanning. First 

step consisted in scanning wax models sets. Next, the appropriate number of ceramic mold layers was applied 

to the scanned element. After melting the wax in the autoclave, the mold was subjected to 3D scanning. An 

important stage of the process was to make the mold in such a way that it would not cover the entire model 

set, but left the wax fragment on the gating system. Thanks to this, it is possible to correlate the results of wax 

and mold scans very precisely. The beginning of the gating system, i.e. the part that is not covered by the 

form, is the same for both models. It gives the possibility to match the entire model sets by the local best fit 

function. It is very important that the uncoated part is not smooth, but it has characteristic elements such as, 

for example, wax drops or cavities, which significantly increase accuracy and eliminate possible matching 

errors. 

3. RESULTS AND DISCUSSION 

Research which was carried out according to the presented methodology allowed to obtain results in the form 

of 3D scans of the wax model sets (Figures 3a, 3b) and molds (Figures 4a, 4b). 

 

Figure 3 Scan results of the parallel (a) and serial (b) sets  

 

Figure 4 Scan results of the parallel (a) and serial (b) sets  

After the model set and mold scans were applied to each other, the results of mold thickness were obtained. 

The images of which in the form of a color deviation map are presented in Figure 5. 
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Figure 5 The results of the thickness presented in the form of a colorful deviation map with additional flags 

marked for parallel (a) and serial (b) molds  

As can be seen in Figure 6, it is possible to fit two models in a very accurate way. In this case, the best local 

fit function was used, and the selected area included part of the wax model set that was not covered with the 

ceramic mold. The results oscillate around values not exceeding 0.03 mm, i.e. they are close to the accuracy 

that can be guaranteed by the 3D scanning method itself using high quality equipment. This means that this 

way of matching two models is nearly optimal. 

 

Figure 6 Presentation of the accuracy of matching two models 

Then, a more detailed analysis of the results obtained was made. For molds, as presented in the research 

methodology, cross-sections were created, which allowed to analyze the changes in mold thickness on the 
blades at intervals of 25 mm (Figure 7). 

Visible differences between the sections a) I and a) III indicate that the thickness of the mold varies significantly 

with the distance from the gating system. For the section a) I, the maximum value is 13.14 mm, the minimum 

value is 4.23 mm and the arithmetic average is 9.23 mm. For a) II, the aforementioned values are 12.63 mm, 

3.89 mm and 9.02 mm respectively and a) III 11.76 mm, 4.78 mm and 8.96 mm respectively. In addition, large 

deviations in thickness are visible depending on the geometry of the blades in a given cross-section. In the 

case of cross-sections b) I, II, III, differences depending on the place of measurement in a given cross-section 

remain at the same level. For b) I, the maximum value is 11.29 mm, the minimum value is 4.11 mm and the 

arithmetic mean is 8.03 mm. As regards b) II, these values are in succession 13.47 mm, 3.12 mm and 8.45 mm, 

and for b) III 13.58 mm, 3.25 mm and 8.62 mm respectively. 
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Figure 7 Mold thickness results in parallel (a) and serial (b) cross-sections  

As part of the study, the average mold thickness for each blade was also analyzed. The results are shown in 
Figure 8. 

 

Figure 8 Average thickness of the mold for each blade 
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It can be seen, that the mold thicknesses differ from one another significantly. The differences associated with 

average thickness, as well as those visible in cross-sections, are so large that they can have a significant 

impact on the solidification of the metal inside the mold. 

4. SUMMARY 

Analysis of the results of research shows that by using the 3D scanning method one can easily get detailed 

quantitative information about the thickness of the mold. Due to the fact that the thickness is determined at 

virtually every point of the form and presented in the form of a color deviation map, it is very quick to locate 

key locations where the measurement showed deviations from the nominal value. Of course, the ability to 

analyze the obtained results is much greater, and in addition, all operations can be performed using free 

software, which is undoubtedly an important advantage of this method. Ability to assess the thickness of the 

mold before filling it with metal, i.e. at a crucial point from an economic point of view, gives great opportunities 

to streamline the entire production process. Further research is being carried out to determine the limit 

thickness of the mold at which casting defects will start to appear. 
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Abstract 

The article presents tests results of the influence of Li and Ca content on the microstructure and properties of 

Mg-4Li-1Ca (LX41) and Mg-8Li-2Ca (LX82) alloys after extrusion process. Achieved microstructures of 

magnesium alloys after extrusion were compared with microstructure after casting and 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. Presented results show the mechanical properties 

marked in static extrusion test in room temperature. It was stated that alloy Mg-4Li-1Ca (LX41) is characterised 

with better plasticity than the alloy Mg-8Li-2Ca (LX82). 

Keywords: Mg-Li-Ca alloys, microstructure, extrusion process, electron microscopy, static compression test 

1. INTRODUCTION 

Magnesium alloys are commonly applied as construction materials in automotive and aviation industries due 

to their low specific weight and high strength. Considering the technology of their production, magnesium alloys 

can be divided into casting magnesium alloys and alloys for plastic working. In the group for plastic working 

there is a generation of ultra-light alloys which is especially worth mentioning and it is a group of alloys 

containing lithium in their chemical composition [1,2]. Alloys Mg-Li-Ca are more commonly used in construction 

of modern, ultra-light metal constructions. An important aspect of application for magnesium alloys is medicine. 

Implants, surgical clips for joining bones as well as surgical threads are prepared from magnesium alloys. The 

advantage of the application of those alloys is mainly the ability to dissolve in the human body. Such application 

of magnesium alloys prevents from conducting a second operation just to remove the implant from the patient’s 

body. The presence of lithium beneficially influences the plasticity, decreases the density of the alloy but 

deteriorates the strength properties [3-5]. 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 [6,7]. 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 [2]. 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 [8-10]. 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 (LX41), Mg-8Li-2Ca (LX82) alloys in initial state and after extrusion process.  
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2. EXPERIMENTAL PROCEDURE 

Materials for extrusion process were ingots with a height of 90 mm and diameter of φ 40 mm from magnesium 

alloys Mg-4Li-1Ca (LX41), Mg-8Li-2Ca (LX82) (wt.%). In accordance with phase equilibrium system and due 

to the presence of lithium in chemical composition it is possible to achieve the following alloys: single-phase α 

(Mg-4Li-1Ca) or two-phase alloy α+β (Mg-8Li-2Ca) [2]. The alloys Mg-4Li-1Ca and Mg-8Li-2Ca were smelted 
in single-compartment, laboratory induction vacuum furnace VSG 02 by Balzers Company [6]. Figure 1 shows 

an example primary structure and the appearance of the achieved ingot from magnesium alloy Mg-4Li-1Ca, 

Mg-8Li-2Ca after casting process. Macrostructure of the achieved ingots consists only of equiaxial grains 
(Figure 1). 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 alloys Mg-4Li-1Ca in temperature of 400 °C and Mg-8Li-2Ca in 

temperature of 300 °C with annealing for 3h and cooling in furnace all performed after casting process. For 

alloy Mg-8Li-2Ca there was lower temperature applied for heat treatment due to bigger content of lithium 8 

wt.% in chemical composition and the risk of ignition during conduction of the process.  

a)   b)   
Figure 1 Magnesium alloys after casting process, macrostructure: a) Mg-4Li-1Ca, b) Mg-8Li-2Ca 

 
Figure 2 Static compression test: a) machine Zwick/Roell Z100, b-c) view of the samples for tests, view of 

samples after conduction of static compression test 
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After casting process and homogenisation the alloys Mg-4Li-1Ca and Mg-8Li-2Ca underwent extrusion 

process. The process was conducted in the Institute of Materials Science of Silesian University of Technology 

on hydraulic press with the use of hydraulic press Hydromet. The temperature applied for extrusion was 400 °C 

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 0.2 kg (HV0.2) on samples in initial condition and after extrusion 

process.  

3. RESULTS AND DISCUSSION 

Figure 2 presents example microstructure of alloys Mg-4Li-1Ca, Mg-8Li-2Ca after casting and 

homogenisation. The homogenisation has been conducted in temperature of 400 °C Mg-4Li-1Ca, 300 °C 

Mg-8Li-2Ca for 3 hours. Samples were cooled in furnace. In the microstructure in the initial state there were 
traces of dendritic structure with clearly marked grain boundaries observed (Figures 3a, b). In the 

microstructure of alloy Mg-8Li-2Ca there was presence of phases observed with lamellar shapes located inside 
and on the boundaries of grain present in the whole analysed surface (Figure 3b).The eutectic is a mixture of 

phases α-Mg and Mg2Ca [2]. There was also found the eutectic with lamellar structure situated in inter-dendritic 
areas of phase α-Mg (Figures 3a, b).  

  

 
a) 

 
b) 

Figure 3 Microstructure of alloys after casting and homogenisation: a) Mg-4Li-1Ca (LX41), b) Mg-8Li-

2Ca(LX82);visible eutectics with lamellar structure in inter- dendritic areas 
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The microstructures of alloy Mg-4Li-1Ca, Mg-8Li-2Ca after extrusion process are presented in Figure 4. 

Microstructure of the tested alloy after extrusion process was characterised with the presence of equiaxial, 

recrystallized 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 (Figures 4 a, b). Figure 5 

presents an example diagram of dependencies of stress from relative draft to shortening in tested alloys. Alloy 

Mg-8Li-2Ca is characterised with 4 times bigger deformability where the relative draft achieved to cracking 
equalled 80%. However, for the alloy Mg-4Li-1Ca the value of draft to cracking was 18% (Figure 5). Figure 6 

presents the measurements of micro-hardness HV0.2 after applied processes of: heat treatment, extrusion and 

static compression test. It was stated that the alloy Mg-8Li-2Ca is characterised with higher hardness value in 

comparison with alloy Mg-4Li-1Ca. It probably results from bigger lithium and calcium content in the chemical 

composition of Mg-8Li-2Ca. Alloys Mg-4Li-1Ca and Mg-8Li-2Ca are characterised with higher hardness values 

after extrusion process in comparison with their condition after heat treatment. It is caused by significant 

refinement of the microstructure and bigger amount of grain boundaries. Micro-hardness HV0.2 after static 

compression tests of alloys Mg-4Li-1Ca and Mg-8Li-2Ca significantly increases which is caused by strain-
hardening caused by the presence of deformation twins (Figure 6). 

 

a) 

 

b) 

Figure 4 Microstructure of alloys after extrusion process : a) Mg-4Li-1Ca (LX41), b) Mg-8Li-2Ca (LX82); 

eutectics, deformation of twins  

 

Figure 5 Diagram of dependencies of stress from relative draft to cracking for alloys Mg-4Li-1Ca (LX41) 

and Mg-8Li-2Ca (LX82)  
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Figure 6 Results of measurements of micro-hardness of alloys Mg-4Li-1Ca (LX41)  

and Mg-8Li-2Ca (LX82) after processes of: heat treatment, extrusion (1- cross- section,  

2- longitudind micro-section) and static compression test 

4. CONCLUSION 

Presented tests results show beneficial influence of addition of lithium and calcium on the microstructure and 

properties of the alloy Mg-4Li-1Ca, and even more beneficial influence in case of alloy Mg-8Li-2Ca. 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 

elevated temperature. Extrusion processing results in grain refinement of microstructure. The results of 

dynamic recrystallization processes are evident in the microstructure of Mg-4Li-1Ca and Mg-8Li-2Ca alloys. 

The biggest deformability was found for alloy Mg-8Li-2Ca - value of draft to cracking - 80% in comparison with 

alloy Mg-4Li-1Ca - 18%. For alloy Mg-8Li-2Ca after processes of: heat treatment and extrusion the values of 

micro-hardness HV0.2 were higher in comparison with those for alloy Mg-4Li-1Ca.  
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Abstract 

Different welding parameters (welding current 165 A, 180 A, and 200 A) and weld groove angle values were 

changed in order to evaluate mechanical properties of Tungsten Inert Gas (TIG) welded. Different groove 

angles (60°, 70°, 80°, and 90°) have been chosen to identify the peculiarities of weldment structure formation 

and the resultant quality of the weld. Mechanical properties were assessed in the terms of Vickers HV1 

hardness and tensile strength testing. The transverse tensile tests were executed on the welded samples to 

ascertain influence of welding current and groove geometry to the tensile strength of weld joint and its working 

conditions during exploitation. The obtained results proved that the tensile strength of the welded samples is 

closely connected with welding parameters: the highest welding current 180A ensured the highest tensile 

strength of welded samples, in the same way as the biggest groove angle 90° made up good conditions for 

proper fusion and the adequate quality of major welds, herewith good penetration and adhesion of weld and 

base metal directly proportional to welding current.  

Keywords: Tungsten inert gas welding, aluminum alloy, mechanical properties, welding parameters, tensile  

        test 

1. INTRODUCTION 

Aluminum alloys are used for many industrial applications due to its manufacturing properties, strength and 

weight ratio, ductility, high corrosion resistance, and abundance. Herewith aluminum alloys have a good 

strength and toughness ratio at low temperatures together with high weldability, these properties make up this 

alloy suitable for the production of pressure vessels [1,2]. Excellent weldability is the main reason to use 

welding for joining of for this type of material. Tungsten Inert Gass (TIG) process and Gas Metal Arc Welding 

(GMAW) are the most useful welding processes for manual and automatic welding. Main advantages of GMAW 

are high deposition rate, high welding speed as well as deep penetration, unfortunately high heat input initiates 

grain coarsening and essential deformation, particularly in welding of thin aluminum sheets. TIG process is 

preferred over GWAW, because of possibility to obtain high quality weldments [3,4].  

Some physical and chemical properties of aluminum alloys should be solved when choosing various welding 

methods. One of the most important problems in the aluminum alloys’ welding is a porosity caused by gases 

capturing from shielding gases and air during turbulence of liquid metal in the weld pool. When the cooling rate 

is too high, the gases cannot escape from the weld pool, which leads to the porosity. TIG gives lower rate of 

porosity than Metal Inert Gas Welding (MIG) due to hydrogen contamination of the wire [5]. Hot cracking occurs 

in the late stages of solidification when the volume fraction of solid is above 85-95% [6]; it can be reduced 

selecting suitable composition of a filler metal and heat input [7]. The relationship between strength and 

hardness of aluminum alloys gives an opportunity to assess mechanical properties of the welds, especially 

tensile strength and yield stress [8-11]. The stress-hardness ratio in different weld zones of AA 6082-T6 for a 

wide range of welds produced under different welding conditions were investigated [12]. It was claimed that 

obtained stress-hardness ratio is suitable for assessing elastic properties from hardness data for 6082 alloys 

in the naturally aged and overaged conditions. It was stated that hardness was found to be a reliable method 

of estimating the yield and tensile strength of the Heat Affected Zone (HAZ) for 6061-T651 aluminum alloy 
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[13]. Authors have reported that low heat input causes higher yield strength values of the welds of 6082-T651 

aluminum alloys [14, 15]. The effect of heat input of a 7025 Al-alloy was investigated [16] with main focus on 

metallurgy of the Fusion Zone (FZ), Partially Melted Zone (PMZ) and HAZ. It was reported that on high heat 

input, the nucleation is lower and the grains around the weld interface are coarser. Furthermore, high heat 

input determines higher hardness of the weld interface as the result of solution hardening. Aluminum alloy 

AA6082-T6 tubular joint TIG welded joints were characterized in the terms of microhardness values, strength 

and microstructure analysis. It was found that slow cooling rate produces relatively wider grain spacing and 

results in a lower microhardness values in the HAZ [16]. As it has been reported [17, 18] that TIG welded joints 

are often used in the pressure vessels, fuel tanks, large vehicles, and in other industries such an aviation and 

aero-space. As weld metal has lower hardness and strength, this strength shortage could be compensated by 

weld reinforcement, which on another hand can generate stress concentration in the joint in such a way 

decreasing effect of reinforcement. Moreover, partially melted zone (PMZ) which composes next to the weld 

exhibits low plasticity. Due to heat effect, an over aged zone (OAZ) exists in the majority of welds [17], besides 

of these two beforehand mentioned weak areas. Hence it can be concluded that all joints consist of zones with 

different mechanical properties, wherefore tensile properties are hardly predictable.  

Considering the studies performed by other authors on TIG welded aluminum alloys, it can be argued that for 

each specific set of welding current such as joint shape, base metal thickness, chemical composition of alloy, 

the specific set of process parameters should be selected in order to ensure the required welding seam 

properties and quality. The present study has been done to evaluate influence of different groove angles and 

welding current on the tensile behavior of TIG welded aluminum joints. Hardness of the welded joints was 

investigated and optimum weld current was determined as well.  

2. METHODOLOGICAL BASES 

The base metal used for the experiments was aluminum alloy AW6082-T6 in condition T6+solution heat 

treatment and artificial hardening in the form of plates with thickness of 10 mm (Si - 0.7 - 1.3 wt.%; Fe - max 

0.5 wt.%; Cu max - 0.10 wt.%; Mn - 0.4 - 1.0 wt.%; Mg - 0.6 - 1.2 wt.%; Cr max - 0.25 wt.%; Zn max - 0.2 wt.%; 

Ti max - 0.1 wt.%; Al - balance). Alloy 6082 posses the highest strength among the aluminum alloys of 6xxx 

series. Magnesium silicide Mg2Si [5,19] gives necessary hardness for 6xxx series; silicon alongside with 

magnesium generates the necessary conditions for a precipitation hardening. The aluminum alloy plates were 

cut according to the recommendations of EN ISO 9692-3:2001 for single V butt weld [20]. Four different groove 

angles 60°, 70°, 80°, and 90° have been milled seeking to ascertain its influence to the quality of the weld and 

tensile properties of resultant joint. All samples (10 test samples for each sample number) were cleaned with 

ethanol and polished to remove surface impurities, dusts and oxides. 

Kemppi MASTERTIF AC/DC 2500W was used to accomplish weld joints. The weld samples were properly 

fixed in the machine; five passes along the groove were carefully accomplished. Cleaning with wire brush 

followed each pass of welding. The main parameters of welding were optimized according to the weld seam 

quality: welding currant 165 A, 180 A, 200 A; voltage 16 V, welding speed 82.9 mm/min; heat input for 180 A 

- 1.25 kJ/mm, 165 A - 1.14 kJ/mm, 200 A - 1.39 kJ/mm. 100 % argon was used as shielding gas, which gives 

a wide, shallow penetration weld bead and enables to change the arc length without disrupting the heat of the 

arc. 

Hardness test along the joints were executed using Nano-Hardness Tester produced by CSM Instruments, 

Switzerland with load of 9.86 N and diamond indenter; for 10 s dwells period at 0.7 mm intervals, across and 

along the weld at the location of 2 mm from the surface. All the tests were conducted at the ambient 

temperature in the laboratory. Tensile test samples were prepared according to the ISO 4136:2012 

International Standard [21] with gauge length of 50 mm. The tensile tests were conducted on 50 kN “Amsler” 

versatile electromechanical testing machine and Hottinger Baldwin Messtechnik GmbH (HBM) testing 

equipment. All tests were conducted in at room temperature with a crosshead speed of 2 mm/min. 
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3. RESULTS AND DISCUSSION 

Mechanical properties of the welded joints were estimated on the basis of hardness test and tensile strength 

test. Variation of the heat input through the weldments was presented as distribution of hardness values across 

and along to the welding direction. The main factors effecting hardness of the weld seam are precipitated 

volume fraction, morphology, and grain size of structure [22], which are mainly can be explained by distribution 
of heat. Figure 1 shows distribution Vickers hardness values from the centre of the weld. 

 
Figure 1 Hardness profiles of weld samples with different groove angles when welding current 180 A, 

voltage 16, welding speed 82.9 mm/min, heat input kJ/mm 

Hardness curves presented in Figure 1 show distribution of hardness values in the welded samples with 

different groove angles. Figure 2 demonstrates influence of welding current on the hardness of welded 

samples.  

 
Figure 2 Hardness profiles of weld samples produced with different welding current and heat input values 

when groove angle 90°, voltage 16, welding speed 82.9 mm/min, heat input kJ/mm 

The hardness was measured along the welding seam and the three different regions could be distinguished 

according to the hardness values: FZ, PMZ and HAZ. It has been noticed that the hardness of the welded 
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samples is related to the formed microstructure. The highest hardness of PMZ corresponds to fine grain 

structure in the zone while FZ cannot be characterized in such a way. PMZ can be characterized by dissolution 

of precipitates [23]. HAZ zone was the worst region in the tensile test, therefore the majority of samples 

experienced fracture in this zone. However, hardness in the HAZ can be restored applying postweld heat 
treatment. As it can be seen in Figure 1 and Figure 2 descending of hardness (HV) is concentrated mainly in 

the FZ as melting and recrystallization causes shifting of precipitate hardening effect. The welding process 

softened the material noticeably reducing the hardness in the FZ in overaged zone up to the 75 HV1. 
Comparing hardness values of the welds with different groove angles (Figure 1) it is obviously that all welds 

had almost the same hardness values at the centre of FZ. The tensile tests have been accomplished after 

certain time when the natural aging was sufficient to achieve the strength. The tensile strength of welded 

samples manufactured using different values of welding current has been analysed. Welding current is one of 

the most influential parameter in TIG [5, 25, 26]. Generally low welding current results in low heat input and 

insufficient penetration. However, to high welding current could lead to excessive heat generation, too big weld 

pool dimensions and poor joint quality. It is known that the strength loss in the 6xxx series alloys is lower in 

the naturally aged aluminum alloys (T4 condition) than in the artificially aged alloys (T6 condition) [5]. Tensile 
stress test profiles in Figure 3 clearly show that changing the welding current it is possible to ensure the 

required strength of the welded joint. With controlled heat input it is possible to achieve sufficient constant 

strength of the welded samples of AW6082-T6 alloys. 

 
Figure 3 Stress-strain diagrams of welded samples produced using different welding current 

The tensile tests showed the remarkable reduction in tensile strength of welded specimens as compared to 

values of the base material. The tensile strength of the welded samples composes just 45 % of the base metal 

strength. Obviously, test sample made of base material has the highest strength and elongation comparing 

with the welded samples. 

Weld seam structure is the mixture of the filler rod metal and the dilution from the base metal. It is known that 

Mg and Si content has a positive effect on the mechanical properties of series 6xxx alloys after aging [17, 28]. 

Due to the usage of filler rod ER4043 (C ≤ 0.30 wt.%, Fe ≤ 0.80 wt.%, Si - 4.5-6.0 wt.%, Mn ≤ 0.05 wt.%,  

Mg ≤ 0.05 wt.%, Zn ≤ 0.10 wt.%, Al - balance) sufficient content of Si could be reached in the weld pool, 

however Mg is only available from the base metal; consequently just few of Mg2Si precipitates could be formed 

in the weld area. Therefore, weakness of welded joints can be attributed to the fact that Mg2Si precipitates 

were smaller and thinner, and its concentration was decreased in the weld area compared to the base metal. 
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Because of the major effect of the weld thermal cycle, HAZ overaged due to the coarsening of Mg2Si 

precipitate. The composition of the weld metal is basically binary, with some proportions of third element 

(because of dilution from the base metal) to form Mg2Si; in any case, it does not form during hardening under 

the weld thermal cycle. In consequence, the tensile properties of the weld are usually lower than of base 

materials. The fracture location corresponded to the reduction of hardness and strength in the weld resulting 

from the welding process. The huge drop in strength was caused by precipitate coarsening in the over-aged 

zone. Results showed that the ultimate tensile strength of welded samples obtained using welding current  

168 A, 180 A and 200 A is approximately 120 MPa, 150 MPa and 110 MPa respectively. The strain varied 

from 0.016 % to 0.032 %. It was found that the joint with smallest groove angle had the lowest strength and 

lower elongation. 

4. CONCLUSION 

The experimental study showed that reduced strength and hardness was an evidence of structural instability 

emerged due to coarsening or over ageing of the precipitates in HAZ. PMZ is harder than the rest of the HAZ, 

but still softer than the base metal because the joints are under the influence of relatively high temperature 

and rapid cooling rate. Performed work indicated the loss of strength in the PMZ and HAZ of welds due to 

grain growth during the welding. In HAZ, larger recrystallized grains were observed close to FZ, and smaller 

grains away from the weld bead. Results of the experiments proved that the welding current is the one of the 

most essential criterion on weld pool geometry, HAZ dimensions as well as on mechanical properties of the 

welded joint. Reduction in tensile strength of welded joints is caused by precipitation reactions involving 

coarsening or over ageing of precipitates in the AW6082-T6 aluminum alloy. The fracture location on tensile 

samples correlated with hardness decrease in the welded joint. In spite of the fact that hot cracking was 

avoided during the welding due to silicide presence in the filler metal, the results of tensile testing showed that 

the PMZ can still be susceptible to ductility loss after welding. 
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Abstract 

HCM in Miasteczko Śląskie is the only zinc smelter in Europe which use Imperial Smelting Process technology. 

Paper shows ISF charging model which allows to calculate on-line current state of the furnace batch 

parameters. The main purpose of the model is predicting of raw Zn, Pb and slag production in the next charging 

step, which can change depending on thermal demands or new chemical composition of the batch.  

Keywords: Zinc and lead production, Imperial Smelting Furnace, batch charging 

1. INTRODUCTION 

The Imperial Smelting Process (ISP) was developed mid last century in the UK to create a pyrometallurgical 

continuous zinc winning process. HCM in Miasteczko Śląskie is the only zinc smelter in Europe which uses 

Imperial Smelting Furnace (ISF). Despite the fact that the ISP technology disappears in the world, it is still very 

effective thanks to the parallel production of zinc and lead. Thus, in the furnace are not produced lead 

containing residues like other zinc-making processes do [1]. Beside traditional raw materials as lead and zinc 

sulphides, at the ISP can be used secondary materials as dust and sludges from steelmaking processes [2]. 

Before charging as a batch they are lumped in sintering process. 

So, the charge to the blast furnace is hot sinter (~300 °C) loaded directly from sinter strand and preheated 

coke (~800 °C) [3]. Coke is burning in the lower part of the ISF and the heat from this and the carbon monoxide 

gas produced providing the means to reduce the zinc and lead oxides. Lead oxide is easy reduced in upper 

part of ISF to metallic state. The lead is tapped from the bottom of the blast furnace, carrying copper, silver 

and gold with it. With lead also is tapped slag. Zinc vapor leaves furnace from the top side and sprinkled by 

liquid lead moves to condensed phase. After lead separation, raw zinc is subjected to refining by three lead 

columns, two cadmium columns, one redistillation column and one baby column. Refining products are zinc 

SHG (Special High Grade ~99,995 %), GOB (Good Ordinary Brand ~98,5 %) and refined cadmium [4]. 

Complexity of winning process, where products moves through several phases, does not allow to determine 

precisely the main product stream mass at the short period [5]. The accuracy of determining the mass of main 

products in an ISP is the more accurate the longer the time of overhead they are evaluated: shift, day, month. 

However, for the proper conduct of the process and especially for the control of the heat supply in dependence 

on its demand, it is necessary to determine the masses in a shorter period such as an hour, even half-hour. 

The object of present paper is development of ISF charging model which allows to calculate on-line the main 

product streams as lead, zinc and slag with satisfying precision.  

2. MODEL BUILDING  

Figure 1 shows materials streams in modelled ISP. From the furnace top are charged sinter, coke and 

sometime gathered in smelter zinc scrap. These materials are precisely weighted. By-products as scale 

gathered from condenser well and black sludge from the off-gas filter are estimated daily in kg per tonne of 

raw zinc (tRZn). Also lead in condenser - sprinkled lead (SPb) - must be supplemented with about 70-80 

kg/tRZn. So the unknown parameters in this system are the masses of raw zinc (RZn), raw lead (RPb) and 

slag.  
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Figure 1 Materials streams in ISP 

These unknowns can be found by solution of a system of three linear equations describing the material balance 

for Zn, Pb and SiO2. 

Zinc balance: 

%Znsinter · Msinter + %Znscrap · Mscrap = %Znslag · Mslag +  %ZnRZn · MRZn + %ZnRPb · MRPb +  

+ %Znscale · Mscale + %Znsludge · Msludge  (1) 

Lead balance: 

%Pbsinter · Msinter + %Pbscrap · Mscrap + 100 % · MSPb = %Pbslag · Mslag +  %PbRZn · MRZn + %PbRPb · MRPb +  

+ %Pbscale · Mscale + %Pbsludge · Msludge (2) 

SiO2 balance: 

%SiO2 sinter · Msinter + %SiO2 scrap · Mscrap + %SiO2 coke · Mcoke = %SiO2 slag · Mslag + 

+ %SiO2 scale · Mscale + %SiO2 sludge · Msludge (3) 

where: 

%Zn, %Pb, %SiO2 - weigh percent of element or substance (wt.%) 

M - mass of stream per charge (kg) 

Bold parameters in equations (1-3) are unknown.  

Another parameter, calculated by application is C/Zn which reflects heat input to the furnace and can be 

adjusted: 
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From equation (4) can be derived the mass of sinter necessary to adjust demanded C/Zn parameter: 
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3. APPLICATION OVERVIEW 

Figure 2 shows the main window of developed application. Left side of form presents data of measured actual 

charge. Masses of materials are weighted hourly and converted to kg per charge, taking into account that coke 

charge is always weighted 2000 kg/charge. Slag basicity is calculated from the last tap chemical analysis. Left 

bottom quarter of form shows daily data from the previous day. The main role of previous day data is estimation 

of secondary materials production such as scale from condenser well and black sludge from top gas filter. 

 

Figure 2 The main window of charging application  

Central part of form is designed for steering of next charge. Operator or technologist can change masses of 

coke or scrap. As mentioned before, the scrap is loaded into furnace only occasionally, when gathered enough 

to fill charging container. However, mass of sinter is calculated according to set parameter of C/Zn. Important 

possibility in steering is setting of sinter batch. Sinter is produced in HCM continuously in sinter plant. Thanks 

to using currently of waste materials in form of zinc oxide instead traditional raw materials in form of zinc 

sulphide, the zinc content in sinter can significantly change during even few hours. So, every two hour sinter 

batch is analyzed and marked in database. 

4. CALCULATIONS AND DISCUSSION 

To verifying charging model and application, were carried out passive calculation (without connection of the 
model with furnace). It was taken into account ten samples of sinter plant daily production which consequently 
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was loaded into ISF. Table 1 shows the main substances of sinter in ten samples. As mentioned before, the 
values of main substances may change in wide range rapidly when waste materials are used. However  
Table 2 shows calculated charge characteristics for different values of C/Zn parameter. B2 and B1 are slag 
basicities showed in Figure 2 as ‘(CaO+MgO)/SiO2’ and ‘CaO/SiO2’ respectively. It can be seen from  
Table 2, that for various sinter samples with fixed C/Zn parameters, masses of coke and sinter per tonne of 
raw zinc are similar. But mass of slag can change in range of 0-40 kg/t RZn. So it confirms necessity of precise 
determination of slag mass for next charge calculation. It may also reduce coke consumption in so heat-
demanding process. 

Table 1 Chemical composition of sinter 

Sinter 

sample 
Main substances of sinter  (wt. %) 

Zn Pb CaO SiO2 Al2O3 S 

1 43.50 13.47 2.91 4.18 1.08 1.99 

2 44.01 13.03 2.94 4.22 1.03 1.77 

3 43.83 13.11 2.89 4.27 1.24 1.62 

4 43.87 13.05 2.98 4.11 1.01 2.28 

5 44.10 12.78 3.22 4.27 1.64 2.20 

6 43.60 12.86 3.16 4.11 1.49 2.22 

7 42.82 13.64 3.28 4.26 1.09 2.10 

8 44.14 12.63 3.20 4.29 1.07 1.78 

9 43.63 12.85 3.19 4.14 1.04 2.02 

10 43.75 12.68 3.09 4.35 1.05 1.81 

Table 2 Calculated charge characteristics for different values of C/Zn parameter 

C/Zn 
(-) 

Charge 
characteristic 

Sinter sample 

1 2 3 4 5 6 7 8 9 10 

0.64 

Sinter (kg/t RZn) 2898 2866 2880 2873 2861 2891 2949 2859 2890 2887 

Coke (kg/t RZn) 834 833 834 832 833 832 836 832 832 833 

Slag (kg/t RZn) 664 662 672 648 668 652 685 670 656 684 

B2 (-) 0.73 0.73 0.72 0.75 0.79 0.79 0.78 0.76 0.78 0.74 

B1 (-) 0.55 0.55 0.54 0.57 0.6 0.61 0.62 0.6 0.62 0.57 

0.74 

Sinter (kg/t RZN) 2904 2869 2882 2876 2863 2894 2951 2861 2892 2889 

Coke (kg/t RZn) 965 964 965 963 963 963 967 963 963 964 

Slag (kg/t RZn) 690 689 698 675 694 679 712 697 682 711 

B2 (-) 0.71 0.72 0.71 0.73 0.77 0.77 0.76 0.74 0.76 0.72 

B1 (-) 0.54 0.54 0.52 0.56 0.59 0.6 0.61 0.58 0.6 0.56 

0.84 

Sinter (kg/t RZN) 2906 2871 2885 2881 2869 2900 2956 2867 2898 2891 

Coke (kg/t RZn) 1096 1094 1096 1095 1095 1095 1099 1095 1095 1095 

Slag (kg/t RZn) 717 715 725 702 721 706 739 724 709 737 

B2 (-) 0.69 0.7 0.69 0.72 0.75 0.75 0.75 0.72 0.74 0.71 

B1 (-) 0.53 0.53 0.51 0.54 0.57 0.58 0.59 0.57 0.58 0.54 
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5. CONCLUSION 

The paper reflects implementation progress of the project financed by European Funds, Operational 

Programme Smart Growth 2014-2020. Part of the project is improving of ISF charging. Developed model uses 

the newest data as possible. These data are gathered on-line, eventually for secondary material streams are 

taken daily data. Charging model allows to calculate demanded masses of batch materials depending on heat 

state of ISF. There is also possibility of the main products masses calculation obtained after actual charging. 
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Abstract 

The paper investigates the influence of the layer thickness and the laser spot diameter in the process of 

selective laser melting, as well as subsequent heat treatment on the structural-phase composition and 

mechanical properties of the manufactured parts. The possibility of manufacturing parts with a tailored 

structure from an Inconel 718 superalloy using selective laser melting is demonstrated by varying the 

technological parameters of the process. In this case, the elements of a part with different grain size and 

orientation are formed. 

Keywords: Selective Laser Melting, Inconel 718, nickel superalloy, powder metallurgy, additive  

         manufacturing 

1. INTRODUCTION 

The technology of Selective Laser Melting (SLM) is already actively used for the production of metal parts. 

This is due to the possibility of manufacturing parts with a complex configuration in the shortest possible time 

without the need for tooling. The latter is especially relevant in such areas as aviation and medicine [1-3]. In 

aviation, where titanium and nickel alloys are widely used, special requirements are imposed in a wide range 

of products [1,4]. 

Inconel 718, especially produced by additive manufacturing, attracts a lot of attention of researchers due to its 

wide application in the elements of gas turbines, aerospace parts, in the petrochemical and nuclear industry 

due to its heat resistance, corrosion resistance and high temperature properties [5,6].  

However, there are not enough information in papers on the possibility of using the features of the selective 

laser melting process to control the microstructure and crystallographic texture, even less information on the 

relationship between the preferred anisotropy, microstructure and mechanical properties of the alloy [7-10]. 

In this regard, the purpose of this work is to establish patterns of structure formation depending on the initial 

technological parameters and to develop a manufacturing method and study the properties of compact 

products with tailored structure. 

2. EXPERIMENTAL METHODS 

Compact samples were made on a selective laser melting machine SLM280HL, SLM Solutions GmbH. As an 

initial material, a powder of the Inconel 718 heat-resistant nickel alloy obtained by gas atomization was used. 

The particle size distribution was determined using the laser diffraction method on an Analysette 22 

NanoTecPlus with a full scale range of 0.01-2000 μm. Investigation of surface morphology of particles and 

compact samples, texture characteristics by diffraction of backward reflected electrons (EBSD) was carried 

out using a scanning electron microscope TESCAN Mira 3 LMU (SEM) operating at magnifications of 4-106 at 

an accelerating voltage of 200V-30 kV, EBSD analysis was performed at accelerating voltage of 20 kV in steps 

of 5 μm. X-ray phase analysis was performed on a multifunctional X-ray diffractometer Bruker D8 Advance. 

Measurements to determine the mechanical properties were carried out in accordance with ISO 6892-1 on a 
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Zwick / Roell Z100 test machine with a maximum force of 99640 N. Hot isostatic pressing (HIP) was carried 

out in an Avure Quintus gas-state at a temperature of 1180 °C and a pressure of 150 MPa for 3 hours. The 

heat treatment was carried out in two stages: annealing at a temperature of 1065 °C for 1 hour with cooling in 

air; aging - was carried out in two stages, 1 - at a temperature of 760 °C for 10 hours, then cooling to 650 °C 

for 2 hours and holding at 650 °C for 8 hours, then cooling in air. A study of the microstructure on an optical 

and electron microscope, as well as mechanical properties at room temperature, was carried out jointly with 

the Delft Technical University [11]. 

3. RESULTS AND DISCUSSION 

Investigations of the Inconel 718 powder on a scanning electron microscope (Figure 1) showed that the 

powder particles have a round, nearly spherical shape. The particle size is in the range: d10 = 21.1 μm,  

d50 = 37.4 μm, d90 = 62 μm. Some of the particles have satellite outgrowths (Figure 1b). The presence of such 

particles is typical for powders obtained with gas atomization. Investigations of the surface morphology of 

particles at high magnification showed that their surface has some irregularities, reflecting the cast 

microstructure of the material and refer to cellular-dendritic crystallization. 

        

Figure 1 SEM-images of Inconel 718 powder particles 

SLM process parameters with a similar energy density for the layer thicknesses of 50 and 100 μm (with laser 

beam diameters 80 and 700 μm respectively) were used to obtain samples for studying the microstructure, 

phase composition and mechanical properties. Due to the rapid solidification in the SLM process (104-106 K/s), 

the initial microstructure consists of cellular dendrites. The rate of solidification and, accordingly, the size of 

the cells depends on the thickness of the layer and the technological parameters used in the SLM process. 

The measurements showed that the average cell size at a layer thickness of 50 μm is 0.9-1.1 μm and at 100 

μm is 1.3-2 μm. Other differences in the formation of the microstructure for different thicknesses of the layers 
are shown in Figure 2, where a texture study performed by EBSD analysis is presented. 

The microstructure of a sample made with a layer thickness of 50 μm has finely dispersed grains without a 

predominant orientation, whereas the microstructure of a sample made at a layer thickness of 100 μm has 

columnar grains with a predominant orientation <001>. 
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a) b) c) 

 

 

 

Figure 2 EBSD analysis of specimens made by SLM: a) orientation map of crystallites for a sample with 

a layer thickness of 50 μm; b) orientation map of crystallites for a sample with a layer thickness of 100 μm; 

c) index map 

Differences in the microstructure should also affect the strength characteristics. For the testing of the rupture, 

cylindrical specimens were prepared for testing in accordance with ISO 6892-1. The yield strength, ultimate 
stress and elongation of the samples (shown in Table 1) were determined from the tensile test results. 

Table 1 Tensile test results for Inconel 718 alloy samples manufactured by the SLS method 

Layer thickness (μm) Yield strength σ0.2 (MPa) Ultimate strength σв (MPa) Elongation (%) 

SLM 

30 745 ± 9 1004 ± 8 25 ± 3 

50 650 ± 11 845 ± 9 28 ± 4 

100 543 ± 2 782 ± 6 31 ± 6 

SLM + HIP 

50 645 ± 6 1025 ± 14 38 ± 1 

100 481 ± 11 788 ± 12 34 ± 3 

SLM + HIP + Annealing + Aging 

30 1157 ± 8 1363 ± 12 21 ± 1 

50 1145 ± 16 1376 ± 14 19 ± 1 

100 1065 ± 20 1272 ± 12 15 ± 4 

After annealing and aging, the mechanical properties have significantly higher values (see Table 1), this was 

due to changes in the phase composition of the material, the release of the strengthening phase γ"- Ni3Nb. 

Mechanical properties after HIP decreased due to grain growth at elevated temperature, but the HIP 

significantly increased the elongation due to reduced porosity. When studying around grains, a network of NbC 
carbides is observed (Figure 3). The presence of carbides inhibits the growth of grains during HIP and thermal 

processing, and also promotes hardening of the material. 
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Figure 3 SEM image showing the presence of carbides in the alloy structure 

At the next stage of work, a method for manufacturing samples with a given structure in individual elements 

was developed. For the production of different regions of samples, regimes for layer thickness values of 50 

and 100 μm were used. Samples were produced with a different combination of these regions to determine 

whether they could be freely varied in the final product. Samples were prepared in which the regions produced 
with a layer thickness of 100 μm are located both in the transverse direction (Figures 4 a, c) and in the 

longitudinal direction with respect to the growing direction of the samples. 

a)  
b)  

c)  
d)  

Figure 4 Microstructure of the boundary region between the sections made at a layer thickness of 50 

μm (left) and 100 μm (right) after SLM (a, c) and SLM + HIP (b, d). 

Figures 4 b, d also shows the effect of hot isostatic pressing on the microstructure of tailored specimen: high-

temperature heating above the recrystallization temperature led to coarsening of the grains and the formation 

of equiaxed grains in the region of 50 μm made at a layer thickness. However, the disappearance of a clear 
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distinction between the zones did not occur and the zone of large elongated and the zone of small equiaxed 

grains are clearly visible. 

Thus, after the thermal treatment, two zones are formed: a region of directed columnar grains and a fine-

grained equiaxed region.  

4. CONCLUSION 

This paper presents a comprehensive study of selective laser melting of Inconel 718 powder. It was shown 

that the larger the layer thickness, the larger the dendritic cell size in the structure, the EBSD analysis showed 

that a change in layer thickness and technological parameters leads to a change in the microstructure of grains 

and that the use of thickness a large layer, directed solidification with the formation of columnar grains. The 

mechanical properties of the samples strongly depend on the thickness of the layer, the thinner layer gives a 

higher strength of the samples. On the basis of the conducted researches the concept of manufacturing of 

products with the given microstructure is formed. 
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Abstract 

The AZ31/6060 bimetallic material was fabricated through compound casting, which involved pouring AZ31 

magnesium alloy heated up to 660 °C onto a 6060 aluminum alloy insert placed in a steel mould, both 

preheated to 300 °C. The microstructural analysis was performed with an optical microscope (OM) and a 

scanning electron microscope equipped with an energy-dispersive X-ray spectrometer (SEM-EDS). Three 

characteristic areas could be distinguished in the 400-500 µm thick continuous bonding zone, which formed 

between the alloys. The EDS quantitative analysis revealed that the area close to the AZ31 was a eutectic (an 

Mg17Al12 phase and a solid solution of Al in Mg); then, there were dendrites of an Mg17Al12 phase; and finally, 

in the area adjacent to the 6060 alloy, an Al3Mg2 phase was detected. Fine particles of an Mg2Si phase and 

phases rich in Al, Mn and Fe were distributed over the entire bonding zone. Small porosity was observed only 

locally. 

Keywords: Magnesium alloy, aluminum alloy, compound casting, intermetallic phases, microstructure 

1. INTRODUCTION 

Compound casting is a technique of joining two dissimilar alloys. It involves pouring a liquid alloy directly onto 

a solid one placed in the cavity of a mould. This method enables efficient and cheap fabrication of bimetallic 

parts, especially elements complex in shape.  

The literature data shows that compound casting has been used for years to join various dissimilar alloys, e.g. 

steel-cast iron [1-3], steel-Al [4], Al-Cu [5], dissimilar Al alloys [6,7] or dissimilar Mg alloys [8]. In recent years, 

extensive research has been conducted to join Mg alloys to Al alloys using various methods [9]. This trend is 

particularly evident in the automotive and aerospace industries, where the application of Mg/Al bimetallic parts 

is desirable, due to their low density and favorable properties. A review of the literature shows that there have 

been very few studies on the application of compound casting to produce bimetallic parts based on Mg and 

Al. Most researchers, however, focus on joining pure Mg to pure Al [10-14]. In such a case, the structure of 

the bonding zone is composed of a solid solution of Al in Mg, a solid solution of Mg in Al, and Mg17Al12 and 

Al3Mg2 phases. Some studies reveal that when pure Mg or an Mg alloy is joined to an Al alloy (Mg-AlMg1 [15], 

AZ91-A356 [16] and AZ91-AlSi17 [17-19]), the microstructure and properties of the bonding zone undergo 

significant modification. 

The aim of this study was to fabricate a light bimetallic material, composed of AZ31 magnesium alloy and 6060 

aluminum alloy, using the compound casting method. The microstructure and composition of the bonding zone 

formed between the alloys were analyzed. 

2. EXPERIMENTAL DETAILS 

AZ31 magnesium alloy, containing 3.07 wt.% Al, 1.05 wt.% Zn and 0.31 wt.% Mn, was used as the cast 

material. The solid insert, 10 mm in thickness and 30 mm in diameter, was cut from 6060 wrought aluminum 

alloy (0.50 wt.% Si, 0.47 wt.% Mg and 0.19 wt.% Fe). The surface of the insert was ground using SiC papers 

up to 800 grit and cleaned in ethanol. The insert was then placed in a steel mould, both heated to 300 °C. The 

AZ31 (100 g) was melted in a furnace under argon atmosphere at a temperature of 660 °C and poured into 

the mould with the aluminum alloy insert under normal atmospheric conditions. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1489 

The samples for structural observations were cut from the AZ31/6060 joints. The samples were polished using 

aluminum oxide slurry and colloidal silica. The microstructural analysis was performed with a Nikon ECLIPSE 

MA200 optical microscope and a JEOL JSM-5400 scanning electron microscope equipped with an energy-

dispersive X-ray spectrometer (EDS). 

3. RESULTS AND DISCUSSION 

Figure 1 shows the microstructure of the bonding zone of the AZ31/6060 specimen observed with the optical 

microscope. The low magnification image in Figure 1(a) indicates that the compound casting process resulted 

in a continuous, 400-500 µm thick bonding zone. Three characteristic areas, marked A, B and C, can be 
distinguished in the bonding zone. The high magnification image in Figure 1(b) reveals that the area on the 

AZ31 side (area A) has a two-phase structure with fine, dark particles. In the transition area (area B) light 
dendrites are visible (upper part of Figure 1(c)). Below the dendrites, there is a single-phase white matrix with 

fine needle-like particles and coarser dark particles regular in shape. Figure 1(d) illustrates area C, adjacent 

to the 6060 alloy, where dark particles are distributed over the light matrix. 

 

Figure 1 OM images of the microstructure of the bonding zone in the AZ31/6060 joint fabricated by 

compound casting: (a) low magnification image, (b) high magnification image of area A, (c) high 

magnification image of area B, (d) high magnification image of area C 

Figure 2 shows the microstructure of the bonding zone close to the AZ31 alloy observed through scanning 

electron microscopy, The EDS linear analysis along the marked line reveals that the bonding zone is composed 

mainly of Mg and Al. Si and Mn occur locally. 
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Figure 2 SEM image of the microstructure of the bonding zone close to the AZ31 alloy and the linear 

distributions of the elements (Zn, Mg, Al, Si, Mn and Fe) 

Figure 3 presents details of the microstructure at the interface between areas A and B. The EDS quantitative 

analysis was carried out at different points (marked in this figure) and the results are given in Table 1. From 

the Al-Mg equilibrium diagram it is clear that the light dendrites (points 1a and 1b) are an Mg17Al12 intermetallic 

phase. The EDS results for the dark phase (points 2a and 2b) indicate a solid solution of Al in Mg. From the 

concentration of Si along the marked line (Figure 3(a)) it is evident that the particles regular in shape are rich 

in this element. The result of the quantitative analysis suggests that these particles are an Mg2Si phase. The 

chemical composition of the two-phase matrix (points 3a and 3b) suggests a eutectic composed of an Mg17Al12 

phase and a solid solution of Al in Mg. The linear distribution of the elements in these regions (Figures 3(a) 

and 3(b)) reveals that the fine, needle-like particles are rich in Al, Mn and Fe.  

Figure 4 presents details of the microstructure of the bonding zone on the 6060 alloy side. The results of the 

EDS quantitative analysis for the points marked in this figure are provided in Table 2. The chemical 

composition of the area located about 60 µm from the 6060 alloy (analysis at point 1) is similar to that of the 

Al3Mg2 intermetallic phase. The result obtained for the area near the 6060 substrate (point 2) also indicates 

the Al3Mg2 phase. The composition of the dark particles (point 3) suggests the Mg2Si phase. The linear analysis 

results along the line marked in Figure 4 reveals the occurrence of light particles rich in Al, Mn and Fe. The 

quantitative analysis for the light particles (point 4) confirms the Al-Mn-Fe multicomponent phase. 
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Figure 3 Details of the microstructure of the interface between areas A and B and the linear distributions 

of the elements (Zn, Mg, Al, Si, Mn and Fe) 

 

 

Table 1 Chemical composition (at.%) of the areas marked  

              in Figures 3(a) and 3(b)  

Point  Mg  Al  Zn  Si  

1a 66.83 32.96 0.21 - 

1b 65.06 34.78 0.16 - 

2a 80.03 19.97 - - 

2b 80.21 19.79 - - 

3a 73.44 26.56 - - 

3b 72.48 27.52 - - 

4 69.45 0.87 - 29.68 

Table 2 Chemical composition (at.%) of the areas marked  

              in Figure 4 

Point  Mg  Al Si  Fe Mn 

1 44.02 55.98 - - - 

2 41.77 58.23 - - - 

3 67.36 - 32.64 - - 

4 26.95 65.92 0.40 5.02 1.71 
 

Figure 4 Details of the microstructure of 

the bonding zone on the 6060 alloy side 

and the linear distributions of the 

elements 
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The microstructural analysis of the bonding zone along the entire length of the sample shows that the bonding 
zone is continuous and uniform in thickness. As can be seen from Figure 5, porosity occurs locally, mainly in 

the eutectic area. 

 

Figure 5 OM image of the microstructure of the AZ31/6060 joint with some porosity locally distributed over 

the bonding zone 

4. CONCLUSION 

The analyzed AZ31/6060 bimetallic material was fabricated through compound casting, which involved pouring 

AZ31 magnesium alloy heated to 660 ºC onto a 6060 aluminum alloy insert placed in a steel mould, both 

preheated to 300 ºC. The process resulted in the formation of a continuous, 400-500 µm thick bonding zone. 

Three characteristic areas were distinguished. The area close to the AZ31 was composed of a eutectic (an 

Mg17Al12 phase and a solid solution of Al in Mg), below, there were dendrites of an Mg17Al12 phase and finally, 

in the area adjacent to the 6060 alloy, an Al3Mg2 phase was detected. In whole bonding zone, fine particles of 

an Mg2Si phase and phases rich in Al, Mn and Fe were detected. Small porosity occurred locally, mainly in the 

eutectic area. 
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Abstract 

Process production of copper in a slurry furnace (Outokumpu technology) is based on converting copper matte 

for a blister, and slag containing even 16% copper oxides. Such slag is tapped into the electric arc furnace in 

sequence. In this process liquid slag (slurry) is extracted by treatment reducers and technological modifiers. 

Through the process of refining, the copper content in the tapping slag is at the level approx. 0.4-0.8% Cu. 

Based on the results it’s seems to be decreased this level, among others through comprehensive technological 

activities. The refining slag in arc furnace and industrial conditions is staying in static conditions and in strong 

step of mixing i.e. under electrode zone. The paper discusses the influence of selected technological additives 

on the reduction of copper oxides in slurry slag, coagulation of products and sedimentation in particular 

conditions. The tests were carried out under static and dynamic conditions of mixing molten slag at 1300 °C. 

Differences for the copper forms (like a products of reduction reactions) in the post-deposition slag were 

demonstrates and occurrence of the coagulation phenomenon. 

Keywords: Copper metallurgy, reductions of copper oxides, slags 

1. INTRODUCTION 

The process of decoppering the suspension slag in an electric furnace has three different stages. They depend 

on the prevailing physicochemical phenomena in the process [1-3]. In the first stage, the furnace is filled with 

the use of spouts (directly from the flash furnace) with liquid slag at a temperature of about 1300 °C, coke and 

limestone. The duration of this stage is about two hours. During this period, about 80 % of the initial copper 

value is reduced [3-5]. In this step, the copper content drops to 2 %. The second stage is the longest and lasts 

4-5 hours. Copper, iron, arsenic and lead oxides are reduced. There is also sedimentation and coagulation of 

the reduced metals, which creates a Cu-Fe-Pb alloy. At this stage, the reduction process is very slow and the 

copper content in the slag decreases to 0.8 % [4,6]. During the last stage, the Cu-Fe-Pb alloy and slag are 

triggered. It lasts 2-3 hours and the slag temperature is 1350-1380 °C. The final copper content in the slag 

drops to about 0.5 %. In general, one cycle lasts about 10 hours [1]. 

Throughout the process, intensive mixing of the slag occurs due to: 

• CO2 flow through the slag layer, which was formed by the decomposition of calcium carbonate. 

• electromagnetic forces that arise from the flow of current through the slag between the electrodes 

• kinetic energy of slag, during transfer from the furnace. 

Mainly the reduction of slag in the electric furnace takes place in the zone where the slag meets the graphite 

electrode or adjacent to the coke. In this zone, the oxygen partial pressure is dependent on two reactions: 

CO2 = CO + 0.5 O2           (1) 

CO2 + C = 2 CO           (2) 
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To calculate the required pCO2 / pCO ratio, use the Boudouard reaction. According to the data, the oxygen partial 

pressure at 1300 °C is 1.81·10-17 [3, 5]. On the basis of these equations it is possible to calculate equilibrium 

concentrations for respectively copper, iron and lead to which the slag in this zone can minimally reduce:  

Cu - 0.0067 %, Fe - 0.062 %, Pb - 0.023 %. It should also be taken into account that in the contact zone of the 

slag electrodes, strong overheating of the slag can occur. The temperature can be higher by 150 °C. It is 

assumed that in this zone there is almost complete reduction of the above-mentioned elements. Drops of the 
alloy that have formed will fall to the bottom of the furnace (Figure 1a). During this time, the role of the reducer 

will be taken over by iron, and at the beginning also lead (3), (4). 

2 (Cu+)slag + [Fe]metal = (Fe2+)slag + 2 [Cu]metal        (3) 

2 (Cu+)slag + [Pb]metal = (Pb2+)slag + 2 [Cu]metal        (4) 

Unfortunately, the dropping time of the droplets is so short that it is impossible to reach the equilibrium. What 

causes that the above-mentioned reactions will continue to occur mainly at the slag-stop boundary [7]. 

According to various analyzes [7, 8], it can be concluded that the biggest gauging of slag occurs in zones I 
and III (Figure 2), which unfortunately does not give satisfactory results. It is concluded that the main reason 

for this state of affairs is the slow transport of Cu + and Cu2O ions to zones I and III from zone II. 

The main factor that has the most important impact on the amount of copper losses in the slag is the dropping 
speed of Cu-Fe-Pb droplets in the slag. After applying the equation (to Stockes model) described in Figure 1b, 

it can determine the movements of drops speed/rate depending on its diameter. 

   
a)                                                                                     b) 

Figure 1 a) Diagram of dropping phenomenon of metallic Cu-Fe-Pb alloy from slag in the direction of 

continuous metallic phase on the bottom of settling tank, b) Pattern of drop falling in fluid [9], where:  

Fd - buoyancy/resistance coefficient; Sp - area of the cross section of the molecule/particle; dp - diameter  

of molecule/particle, Vk - relative rate between liquid and particle 

2.  OWN RESEARCH AND ANALYSIS 

Conditions resulting from the difficulty reductions of copper oxides and subsequent entry of reduced metallic 
phase settling to the bottom of the electric furnace (Figure 1a) were the basis for making analysis and testing 

of coagulation and crystallization of copper under dynamic conditions. It was decided to take into account and 

analyze the turbulent movement of the slag during its discovery. The results of the first analyzes are presented 

in the work [10], indicating in it the possibility of obtaining the effects of decoppering by inclining the electrode.  
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Simplified electrode diagram in a furnace for 

decontamination of slag 

 

Research position 

Figure 2 Description of the scheme of interactions in the electric furnace (a) and tests unit (b) 

A stand consisting of a Tammana tubular resistance furnace and a mixer with regulated speed was made for 

the tests (Figure 2b). Dynamic tests were carried out at 1300 °C. The residence time in the assumed 

temperature was 20 min. The rotation speed was adjustable from 10 - 30 rpm. The slag from the flash furnace 
was modified with stimulants and reagents. Table 1 shows the types of stimulators and reducers used. For 

comparison, samples were made under the same conditions for static state. For the dynamic tests, samples 

were selected for which, in static conditions, the largest contents of the copper alloy after the reduction process 

were identified. After cooling the samples reduced under dynamic conditions with the furnace, the obtained 

products were weighed (slag + metal), then they were ground in a mortar, sieve analysis of obtained fractions 
was performed subsequently. Figure 3 presents an example of a sample obtained during dynamic coagulation. 

There is a large mass fraction of the product of reduction and sedimentation in the form of a "copper" alloy, 
which is presented in Figure 4 in numerical form. 

Table 1 The results of experimental research 

Identification and type of reagent 

W1 W2 W3 M1 M2 M3 M4 

FeC CaC2 CaCN2 CaCO3 Na2CO3 K3PO4 NaCl2 

Types of composition stimulators and reducers used for selected 

samples 

Sample no. 4 11 11,1 13 7 

(%) 66 69 27 27 60 

Percentage of metal (%) after coagulation under dynamic 

conditions in slag 

where: 

W1, W2, W3 - compounds that input carbon (reacting) to the slags system = 5% in sample. 

M1, M2, M3, M4 - modifiers chemical compositions of slags = 2% in sample. 
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Figure 3 Photographs of the selected sample after dynamic coagulation 

Figure 4 shows the weight comparison of samples in grams after the dynamic test. The proportion of the 

metallic phase is much greater than in the case of static conditions. The quantitative analysis of the slags was 

carried out on the ARL QUANT'X EDXRF from Thermo Fisher Scientific. 

 

Figure 4 Lists of results of the obtained metallic mass (% by mass) on the bottom of the settling tank in static 

and dynamic tests 

3.  RESULTS AND DISCUSSION 

The tests carried out showed that during the process of pushing in dynamic conditions much more "Cu-Pb-Fe" 

alloy were obtained than during the reduction in static conditions. The highest efficiency of the reduction and 

coagulation process was obtained at 20 rpm. The impact of system dynamics on the efficiency of the reduction 

process is at least ten times greater in favor of dynamic conditions. This confirms that the intensity of refining 

of slag slag will be the most intense in terms of the operation of the electric arc, but also in the situation of the 

flow of slag (its movement). 

Structural analysis of slags prior to the use of reducers (cycle I) showed a large number of fine separations of 

the Cu-Pb-Fe alloy (so-called copper plugs) with dispersion values (below 1 µm), and inclusions with 

dimensions in the range of 1 ÷ 10 µm inclusions with dimensions 10 ÷ 100 µm. Separations of copper were 

also trapped in the silicate - iron framings. The results are illustrated by pictures a, b (Figure 5) - smelting I. 
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a) 

 
b) 

 
c) 

 
d) 

Figure 5 Structure of precipitations of the metallic phase of the Cu-Pb-Fe alloy for: a, b - static conditions, c, 

d - for dynamic conditions 

The use of dynamic conditions, with the simultaneous use of carbide reagents and stimulants, influenced the 

appearance of spherical precipitates with dimensions over 100 µm - against the background of dispersed 

inclusions, mainly of dimensions 10 ÷ 100 µm (Figures 5 c, d - smelting II). Compared to static conditions, 

using the same reagents, more than tenfold increase in the size of metallic precipitates was obtained - in static 
conditions (Figures 5 a, b), the secretion had from a few to 20 μm in size. 

4.  CONCLUSIONS 

Based on the obtained results, it can be stated: 

• reduction of copper oxides, coagulation of products and their sedimentation (dispersal of slag) in 
dynamic conditions is more efficient than in static conditions, 

• in dynamic conditions not only much more "Cu" alloy was obtained, but also this alloy has coagulated 

and sediment to the bottom of the crucible, which is a very desirable phenomenon and beneficial from 

the point of view of industrial technology. 
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Abstract  

A new method is proposed to estimation of hydrogen pressure in equilibrium with hydride phase in a hydrogen 

storage material. It is applicable both for hydrogen absorption and desorption in cases where the hydride phase 

is formed by nucleation and growth mechanism. The proposed method saves considerably the experimental 

time replacing the conventional time consuming measurement of pressure-composition isotherms, the so 

called PCT curves. The proposed evaluation procedure is illustrated using hydrogen chemi-sorption at 

temperatures 623 K, 573 K and 523 K in chosen hydrogen storage alloys Mg-Si-C, Mg-Li-C and Mg-Na-C. 

Keywords: Hydrogen storage, magnesium, new method 

1. INTRODUCTION  

The value of hydrogen pressure in equilibrium with hydrided phase, peq, defines the stability of respective 

hydride phase described by its average chemical composition and temperature. At hydrogen pressure above 
the peq, the hydride phase β is stable, below the peq, the hydrogen co-exists with the de-hydride phase α. 

Typical PCT curve is shown in Figure 1.  

 

Figure 1 Typical PCT isotherm 

After solution of hydrogen in the hydrogen-free material (phase α), the hydride phase is nucleated (interface 

α/α+β), which grows (α+β plateau) up to the end of α to β transformation. Further increase of hydrogen 
pressure leads to its solution in β. The pressure peq is taken from pressure-composition isotherms, the so 

called PCT curves, as a value of p somewhere in the middle of the plateau [1]. In Figure 1 hysteresis can also 

be seen that causes the difference in peq
A observed for absorption and peq

D for desorption. The plateau slope 
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is not necessary constant over the whole length of the plateau and can differ in absorption a desorption 

branches. The major cause of the slope is usually attributed to compositional inhomogenities. The variation of 
pressure p over the plateau should be understood as an uncertainty of obtained peq. In reality, the PCT curve 

is very sensitive also to equilibration of the system and the measurement must be - especially at the both ends 

of the plateau, where β starts to nucleate and/or β starts to decompose - conducted very slowly. The 
experimental time needed to estimation of peq can be reduced using kinetic measurements and new evaluation 

method proposed in the present paper. 

2. EXPERIMENTAL 

Samples were prepared from pure Mg (3N8), Mg2Si prepared by mechanical alloying from Mg and pure Si 

(6N) and from pure powders of LiF, NaF (purchased from Sigma Aldrich). The sample composition was 

modified by carbon black (CB) with O2 < 2 wt.%, S < 0.17 wt.% purchased from CABOT EMEA. The samples 

are labeled hereafter as S (Mg-10Mg2Si-14CB - all in wt. %), L (Mg-13LiF-13CB) and N (Mg-13NaF-13CB). 

Samples were prepared by ball milling (BM) in hydrogen atmosphere using Fritsch Pulverisette6 ball-mill. The 

mass ratio of the milling balls to the milled blend was about 60 and the milling cycle - 10 min milling/50 min 

cooling - was repeated 20 times. Hydrogen sorption experiments were carried out using Sieverts-type gas 

sorption analyzer PCT-Pro Setaram Instrumentation at constant temperatures 523, 573 K and 623 K and under 
several values of pressure p below (desorption) and/or above (absorption) the presumed value of peq. The 

purity of both hydrogen and helium (calibration gas) was 6N. All manipulations of the milled powder were done 

in the glove box in protective Ar atmosphere. For more details on the experimental procedure - see in [2]. 

3. RESULTS 

The measurement was conducted with sample S in both absorption and desorption mode at temperatures 623 

K and at 573 K, in absorption mode at 523 K and with samples L and N in desorption mode at 623 K. Examples 
of measured kinetic curves (time dependence of fraction f = cH/cH

max ; cH - hydrogen concentration, cH
max - 

maximum hydrogen concentration) are shown for sample S in Figure 2. The examples document that all the 

curves were sigmoid-type, which implied that the sorption occured by nucleation and growth mechanism. This 
is more evident in Figures 3a, b, where the same curves, plotted in co-ordinates [-ln(1-f)]n, are well linear [3]. 

 

Figure 2 Examples of measured kinetic curves [2], sample S, T = 623 K 
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Figure 3 Kinetic curves from Figure 2 linearized, a - absorption, b - desorption 

4. THEORY - EVALUATION OF DATA 

We propose to describe the absorption process by a cascade (sequence) of nucleation and growth and the 

desorption process as hydride decay and its gradual decomposition. The both sorption processes can be 
schematically presented as a cascade of two bound partial processes with rate constants ki that depend on 

temperature 

CBA
kk →→ 21   .        (1) 

The transformation rate can be quantified by time derivative y = (df/dt) that depends on time t itself, on 

temperature T and on driving force, which is a function of departure of instantaneous hydrogen pressure from 

unknown equilibrium pressure |p(t) - peq|. Since the sorption was measured at constant temperature, T can be 

considered as a fixed parameter.  

The description can be further simplified by fixing the time variable t: We consider a simple theory describing 

the cascade that does not involve the final state - i.e. the state approaching the end of transformation 

(saturation of the sample by reaction product by absorption or total de-hydrogenation by desorption). In other 
words, the relation for y does not contain any multiplication factor involving (1-f ) for absorption and/or f for 
desorption. This can be satisfied, when we examine y in time sufficiently far from final state of transformation 

(1). We propose the inflexion point ti of f(t), which is a well-defined time, when the rate of nucleation and 

growing is approximately balanced and, at the same time, no other constraints are in effect significantly. In this 

way, the time variable can be also fixed and y can be considered only as a function of pressure. In Figure 4a, 

a typical example of kinetic curve is shown. The same curve plotted in co-ordinates [-ln(1-f)]n vs desorption 

time (Figure 4b) becomes linear in region, where the nucleation and growing mechanism operates [3].  

It can be seen that the inflexion point ti is well inside the linear part (Figure 4c). Nonlinear tail indicates the 

influence of terms inhibiting the sorption due to exhausting the hydride phase. The nucleation and growth 
mechanism in samples L and N operated up to about f = 0.6 (for sample N, desorption at 623 K - see  

Figure 4b), in sample S typically up to about |f| = 0.9 (Figures 3 a, b). 
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Figure 4 Example of kinetic curve f (a), linearized f (b) and time derivative of f (c) 

 

 

Figure 5 Points - time derivative of f in inflexion ti, lines - fit of Equation (2),  

sample S a - 623 K, b - 573 K, c - 523 K 
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Values of maximum first derivative y(p) = (df / dt)max are plotted if Figures 5a, b and Figure 6 in dependence 

on hydrogen pressure p. They were fitted by Cascade function [4] 
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with four fitting parameters: k1, k2, k3 and peq. Following constraints must be assured: p ≥ peq for absorption 

and p ≤ peq for desorption and k1 ≠ k2 > 0. The function y(p) varies from 0 at p = peq to k3 at p >> peq . 

Values of equilibrium hydrogen pressure obtained by measurements of pressure-composition isotherms (PCT) 
and by the method proposed in the present paper are listed in Table 1.  

 

Figure 6 Points - time derivative of f in inflexion ti, lines - fit of Equation (2).  

Samples L and F, 623 K. 

Table 1 Comparison of values of equilibrium hydrogen pressure obtained by measurements of pressure- 

  composition isotherms and by the proposed method 

Sample 
T 

(K) 
absorption / desorption 

Conventional technique 

(from PCT) 

(MPa) 

New method 

(MPa) 

S 

623 peq
A 0.8 ± 0.1 0.7 ± 0.2 

peq
D 0.57 ± 0.05 0.6 ± 0.2 

573 peq
A 0.20 ± 0.05 0.15 ± 0.05 

peq
D 0.10 ± 0.05 0.17 ± 0.05 

523 peq
A 0.04 ± 0.01 0.03 ± 0.02 

L 623 peq
D 0.58 ± 0.05 0.5 ± 0.6 

N 623 peq
D 0.4 ± 0.1 0.43 ± 0.01 
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5. SUMMARY 

New method was proposed enabling the estimation of equilibrium hydrogen pressure above a hydride phase 
of hydrogen storage alloy peq. The strength of the new evaluation procedure was tested for both absorption 

and desorption in chosen Mg-based alloys in temperature interval from 523 K to 623 K. Values of peq obtained 

by both procedures agree well within the experimental errors.   
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Abstract 

The paper presents, the impact of process variables on connection parameters during micro-welding of H800 

superalloy. The research discusses the apparatus and features, including the advantages of the welding 

procedure. The process variables determining the influence of pulse micro-welding method on the 

metallographic structure of welds of thin superalloys were given. The process uses a thin sheet of H800 

superalloy welded on a C22 alloy substrate. During the experiment, welded joints of tested superalloys were 

obtained and the characteristics of their microstructure were examined. Welding of thin sheet was made by 

means of resistive pulse welding using the SST WS 7000s device. The focus was on the leading tested 

parameters, such as microhardness and observation of the weld microstructure. The aim of experiment was 

to check the regeneration possibility of heat and mechanically loaded machine parts made of superalloys.  

Keywords: Microwelding, surface engineering, microstructure, microhardness 

1. INTRODUCTION 

The high replacement costs of aircraft gas turbine blades and vanes have created a fast-growing, highly-

specialized segment of the gas turbine repair industry. Gas turbine blades experience dimensional and 

metallurgical degradation during engine operation [1,2]. Dimensional degradation derives from wear, nicks, 

dents, hot corrosion and, in the case of coated blades, stripping and recoating as in repair. Metallurgical 

degradation derives from fatigue and high-temperature creep. Some degradation, depending on location and 

extent, is amenable to "repair"; the definition of repair being rather broad [3,4]. Microwelding resistive-pulse 

technique [5-8] 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) 

[9], laser cutting [10], Electrical Discharge Machining (EDM) [11-14] and opposite to the "conventional" group 

turning, milling, grinding, drilling etc. Welding is used to repair cracks but filler materials have their own limits 

(welding repair limits) based on the mechanical stresses (centrifugal stresses and gas fl ow stream load) to 

withstand. There are different types of welding: G as tungsten arc welding (GTAW) or tungsten inert gas (TIG) 

welding; plasma and microplasma transferred arc welding (PTAW); laser welding (LBW) (LPW) (LFW); 

electron-beam welding (EBW). 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 [15-17]. 

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 [18-21]. Paper is focused on microwelding effects as "non-conventional" manufacturing methods. 

The aim of the research is to study the effects of spot welding thin sheet of H800 superalloy welded on a C22 

alloy substrate. The aim of experiment was to check the regeneration possibility of heat and mechanically 
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loaded machine parts made of superalloys. These are materials that are widely used in the aerospace and 

energy industries. 

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. 

Table 1 Microwelder SST WS 7000s - Characteristics 

Parameter  Characteristics  

Supply  ~220 V / 50 Hz / 60 Hz  

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)  

A thick tape 150 µm was made from Inconel 800 by cold rolling, and spot welded on the sample from Chronin 

C 22 (cuboid shape). The spot welding of thin sheet of superalloys Chronin C 22 and Inconel 800 were obtained 

used following parameters:  

• the applied welding amperage in the range of 70%-90 % of the power device (max. 7000 A);  

• welding time 10 ms;  

• form of impulse: wire-ribbon;  

• duty cycle: multi impulse welding cycle. 

The alloys studied are the Chronin C 22 and Inconel 800, whose compositions are given, respectively, in 
Table 2. 

Table 2 Composition (in wt.%) of Chronin and Inconel 800  

Alloy Ni Fe Cu S Si Mn Cr Co Mo Ti Al V W Mg 

Chronin 
C22 

56.82 4.09 - 0.001 0.048 0.31 21.48 0.03 13.78 - - 0.018 3.20 - 

Inconel 
800 74.1 8.95 0.0005 0.001 0.28 0.20 15.96 0.021 - 0.200 0.22 -- - 0.006 

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 joint were samples cut across the 

weld and mounted in resin. After proper polishing and etching the weld structure was subjected to observation. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1508 

a)  b)   

Figure 1 Microphotography of weld structure; welding amperage70% 

a)  b)   

Figure 2 Microphotography of weld structure; welding amperage 80% 

a)  b)   

Figure 3 Microphotography of weld structure; welding amperage 90% 

4. MICROHARDNESS OF MICROWELDED JOINTS 

Microhardness tests were carried out by using a Vickers indenter, with an applied load of 100 g (0.98 N) for 

15 s. For investigation there was used Matsuzawa Vickers microhardness MX 100 type. There was applied 

load 100 g (0.98 N). The tests were performed on the cross-section of the weld. Measurements include material 

zones of the Fusion zone (FZ) and Heat affected zone (HAZ). 
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a)  b)  

c)  

Figure 4 Microphotography of weld structure with intender view and microhardnes mark; welding amperage 

a) 70% b) 80% c) 90% of power 

5. RESULTS AND DISCUSSION 

Material selection is a key factor in gas turbine performance and lifecycle cost because it has a central influence 

in the maintenance of the gas turbine. Further, the operation of a gas turbine does result in gas path 

degradation that impacts lifecycle costs and eventually design, manufacture, material choice and maintenance.  

A component repair programme that minimizes maintenance costs and maximizes equipment availability can 

be instituted to meet or improve lifecycle cost. This chapter presents the key factors influencing the need for 
maintenance and the choices available. Figures 1 to 3 show examples of optical micrographs of the etched 

cross-section for welded joints with linear weld geometry. Figures also show various zones with different 

microstructures characterize the welded specimen: base metal (BM), heat-affected zone (HAZ) and fusion 

zone (FZ). All examined specimens showed that there was no re-melting through the two microwelded 

elements, with an average penetration width of about 0,04 mm bottom elements (i.e. around half the thickness 

of joined sheets). The HAZ has an average width ranging from a few µm, which is characteristic for used 

techniques of welding [18, 19]. In our specimens, a larger width FZ is generally observed in the sheet closer 
to the impulse source (see top part in the Figures). Instead, the HAZ has almost the same width in both upper 

and lower sheet. 

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. Meanwhile in place where 

the microhardness should appear the lowest because of longest way of heat transfer, the microhardness value 

has reached maximum. The ‘‘softer’’ microstructure of welds could be explained by a slower cooling rate in 

weld material, caused by the particular geometry of the microweld. On the surface of upper sheet at contact 

point - the joint between upper and lower sheet, separates highest heat development due to the flow of 

electrical impulses. In fact, during welding the heat remains entrapped inside the joint and then gives higher 

temperatures during long time, with reduced cooling rate on the microwelded material. A similar phenomenon 
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is observed regularly during the tests of connections of thin sheets from superalloys, as well as during the 

welding of regeneration layers made of superalloys into elements with larger cross-sections. The 
microhardness distribution (see Figure 4) in the cross section of microweld is relatively balanced and does not 

exceed 70 HV0.1. It was expected that at the centre of the microwelded zone will be the lowest hardness values 

are shown generally depending on the position in the weld area as a result of different microstructures. The 

hardness of FZ ranged in values 175-280 HV, and BZ ranged in values 220-280 HV, respectively to the place 

of measurement. In all joint types, an increase of micro-hardness is observed in FZ, due to harder 

microstructures that are caused by melting and subsequent rapid cooling during welding, and which have 

already been observed in previous metallurgical studies. In some of analyzed specimens, the micro-hardness 

appear to increase towards the center of FZ, while decrease at the edges.  

 

 

 

 

 

Figure 5 X-ray line scan of the superficial layer after microwelding process using a 90% of power 

SEM examination was performed using a JEOL JSM 7100F microscope with microprobe Oxford EDS X-series 
- Figure 5. The results showed that there is a possibility of obtaining the joint between C22 substrate and 

superalloy H800. It was important to that did not occur significant diffusion of C22 in the direction of superalloy 

H800. As a result of EDS analysis, there was no diffusion of elements C22 in the direction of superalloy H800. 
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During the welding process has taken place, diffusion of other elements in the direction of Fe in the direction 

of H800. Additional studies are required to determine the effects of these phenomena on the properties of the 

alloy H800 at the maximum operating temperatures. It should be added that the diffusion zone is very small. 

Other chemical analysis carried out at a greater distance from the weld not showed elements diffusion. 

6. CONCLUSION 

The article presents the impact of process changes on the parameters of the connection in the pulse micro-

welding of the H800 superalloy. The microstructural and mechanical characterization of thin layers deposited 

from superalloys by microwelding was investigated. Welded samples with a linear weld bead were observed. 

The changes in the welding pulse power affected the characteristics of microhardness and the geometry of 

the joint. Welding morphologies were characterized by dynamic temperature changes that accompany micro-

welding processes, using millisecond high-frequency electrical impulses. The most important effect of the 

research is the increase of microhardness in the WZ weld zone, which is higher than in other zones. Heat 

affected zone is very small and difficult to observe. This means that the total strength of the joint is controlled 

by the strength of base metal which is compatible with the area of full penetration welding characterized by 

higher microhardness (and therefore higher static strength) compared to base metal. The applied welding 

technology enables the repair of minor damage to components constructed on the basis of super alloys, such 

as gas turbine blades, centrifugal pumps and devices for controlling the flow of turbulent fluids working under 

cavitation conditions. All connections proved to be stable in the 70-90% range of amperage. Considering the 

microstructure observation, 80% of amperage seemed to be most effective for creating of regeneration layer. 
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Abstract 

The rolled sheet of AZ31 with the strong basal texture in ND direction was used for this study. Three different 

sample orientations (ND, 45, RD) were cut out and deformed in compression and tension. The acoustic 

emission (AE) was measured during the deformation and the deformed microstructure was studied by the 

electron backscatter diffraction. The advanced analysis of the AE measurements provides an insight to the 

active deformation mechanism. Extension twinning plays an important role in the deformation behavior. The 

higher yield stress can be observed when the texture is unfavorable oriented for twinning. Moreover, another 

twinning system has been observed to be active in such oriented samples. 

Keywords: Magnesium, acoustic emission, mechanical testing, twinning, EBSD 

1. INTRODUCTION 

Magnesium alloys represent the lowest density structural metals (along with toxic beryllium) and, thus, is a 

highly interesting material for modern applications. Moreover, it is possible to get outstanding mechanical 

properties with biocompatibility and increased corrosion resistance by alloying of magnesium [1, 2]. The 

hexagonal close-packed structure causes complex deformation behavior of magnesium alloys, where the 

concurrent activity of several deformation mechanisms is necessary. The activity individual deformation 

mechanism is strongly dependent on the texture, alloying elements or temperature. 

Generally, the slip system with the lowest critical shear stress is the (0001)〈11 0〉 basal slip, followed by the 

{10 0}〈11 0〉 prismatic slip. Together they provide only 4 independent slip systems and neither of this system 

provides deformation in the 〈c〉 direction. To ensure compatibility of the plastic deformation, another 

deformation mechanism has to be activated. The possibilities are the {11 2}〈11 3〉 2nd order pyramidal slip 

which require high stress or temperature or deformation twinning [3]. Twinning is a polar mechanism which 

results in activation of twinning in different grains during compressive and tensile loading. The most common 

twinning system in magnesium alloys is extension twinning on the {10 2} twinning plane. Extension twinning 

means that it causes the elongation along the c-axis. Other twinning mechanisms observed during deformation 

of magnesium alloys are {11 2} extension twinning and {10 1} and {11 1} compression twinning [4]. 

The acoustic emission (AE) has been found as a powerful non-destructive technique for study of deformation 

mechanisms. It gives information from entire volume about the dynamic processes during plastic deformation 

or corrosion processes. The sources of AE have generally different characteristics [5], but the signal is 

modulated by the sample shape, microstructural characteristics or characteristics of the sensor. Together with 

the fact, that there is the concurrent activity of several sources of AE [6, 7] it make quite challenging task to 

separate the signal from different sources. The classic approach of evaluation of AE data, so called hit-based 

processing, is based on setting parameters, which define the AE event (threshold level, hit definition time, …) 
[8]. The system saves the parameters of the AE event (amplitude, duration, counts, energy, …) (Figure 1). In 

materials science, this approach can be successfully applied for general characterization, when the main goal 

2

1 2

2 2

1

2 1 2
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is the investigation of the influence of the experimental and material parameters on the deformation behavior 

(e.g. [9, 10]). 

 

Figure 1 Parametrization of AE signal 

In our work we applied the algorithm of Pomponi and Vinogradov [11, 12] - ASK analysis. Data are sectioned 

into consecutive individual realizations (“frames”) with length in order of μs and the power spectral density 

(PSD) function G(ω) is calculated for each frame computing the discrete Fourier transformation. PSD functions 

are compared together and the discrimination between the signals coming from different sources is done on 

the statistical basis.  

2. MATERIAL AND EXPERIMENTAL METHODS 

The deformation tests were performed on rolled AZ31 sheet. The coordinate system related to the sheet is the 

rolling direction (RD), normal direction (ND) - out of the sheet plane and transverse direction (TD). The sheet 
has a strong basal texture in ND (Figure 2). For deformation tests, samples of 10x6.5x6.5 mm3 were cut out 

from the billets. The size of the samples for tensile test was limited by the thickness of the sheet, which was 

15mm. That allowed us to cut the samples with the dimensions of the active area 9x4x1.5 mm3. The samples 
were cut in the RD, 45° and ND (Figure 2). Texture in RD is favorable oriented for prismatic slip, the 45° 

samples are favorable oriented for basal slip and the samples in ND orientation are oriented favorably for the 

2nd order pyramidal slip. Owing to the polar character of twinning different sample orientation are favorably 

oriented for twinning during tensile and compressive loading. Texture in RD is favorable oriented for twinning 

in compression while samples in ND direction are favorable oriented for twinning in tension [13].  

 

Figure 2 Inverse pole figure of samples cut in ND,45 and RD 
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The samples were deformed at the deformation rate 10-3 s-1. Concurrently with the deformation tests the AE 

was recorded. The AE was measured by the PCI-2 device from Physical Acoustics Corporation. Piezoelectric 

wideband PAC PICO AE sensor was used in order to record the broad AE signal spectra needed for the 

analyses. The signal was recorded with a sampling rate of 5 MHz and the signal was preamplified by a PAC 

2/4/6 preamplifier (40 dB gain). 

The microstructure of deformed samples was investigated by scanning electron microscope (SEM) ZEISS 

Auriga Compact equipped with EDAX electron backscatter diffraction (EBSD) camera. 

3. RESULTS 

The deformation curves with AE response are shown at the Figure 3 and the yield stresses and maximal 

stresses are in Table 1. The yield stress of RD and 45 samples is the same and significantly higher for ND 

sample in compression. Also the shape of RD and 45 curves exhibits the S-shape which is typical for the 

 extension twinning, while the curve of the sample in ND has a convex shape. The tensile test exhibits 

opposite evolution, the lowest yield stress is for ND sample and the highest for RD sample. These results are 

consistent with the suitability of the orientation of the texture for twinning. These results are consistent with the 

AE results. Energy of the AE is higher for twin nucleation than for the dislocation slip[7] and the energy of 

measured AE is the highest for samples favorably oriented for twinning. 

        

Figure 3 Deformation curves with the AE count rate and energy 

Table 1 Yield stress and maximal stress for all orientations during tensile and compressive deformation 

 RD 45 ND 

σ02 (MPa) σmax (MPa) σ02 (MPa) σmax (MPa) σ02 (MPa) σmax (MPa) 

Tension 125 1471 94 239 66 224 

Compression 88 332 88 256 149 317 

1The RD sample broke in the head, therefore, the maximal stress value is not representative 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1516 

The ASK analysis was done on the AE data from the compression tests to evaluate the active deformation 
mechanisms. The activity of twinning cluster is shown at Figure 4. The results confirm the increasing activity 

of twinning with the increasing deviation of the basal texture out of the loading direction. The twin nucleation 

is a dominant source of AE for the RD sample up to the 6% of deformation. This result is consistent with the 

fact that the twin can accommodate up to the 6.4% of deformation. Twin nucleation is dominant mainly around 

the yield point for the 45 sample. On contrary, although the twinning is present in ND sample it is not dominant 

deformation mechanism during the deformation because only few grains favorably oriented for twinning are 

present. 

 

Figure 4 The activity of the nucleation of twining obtained from the ASK analysis of the AE signal 

The deformation curves of samples favorably oriented for twinning are shown at Figure 5. It is possible to 

observe lower yield stress for the tensile sample. This can be caused by the number of nucleated twin variants 

during the deformation. It was shown, that the ideally oriented grains nucleate more twin variants in tension 

than in compression, which provides more straining possibilities and, therefore, makes the plastic deformation 

easier [13-15]. On contrary, the hardening is higher for tensile test than for compression at the early stage of 

plastic deformation. The more twins that are nucleated in tension cause that their growth is limited and 

nucleation of new twins is necessary. These twins are smaller and therefore the AE signal is decreasing during 

the deformation [13]. The results of AE during the compression test suggest that the twins nucleate 

continuously up to the 5% of deformation which is inconsistent with the measurement on non-textured samples 

where the nucleation of twins was observed only around the yield point and it was followed by the twin growth 

[13]. 

 

Figure 5 The comparison of samples favorably oriented for twinning in compression (RD) and tension (ND) 
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The detailed observation of microstructure confirms above mentioned results. The samples were deformed to 
1% of plastic deformation in compression and examined by the optical microscopy and EBSD (Figure 6). 

Figure 6a shows that samples deformed in the RD create the bands of deformed and undeformed grains. The 

EBSD of the deformed band (Figure 6b) shows that the deformation is caused mainly by twinning. Twins 

causes complex stress field around them. When they reach the grain boundary, they create the stress field in 

the neighboring grain which causes the twin nucleation there [16]. As a result, the twins penetrate through the 

grain boundaries to the neighboring grains and creating the deformation band. The band become wider by the 

nucleation of twins in undeformed grains. This explains the difference from the non-textured samples.  

 

    

    

Figure 6 Microstructure of a, b) RD, c) 45, d) ND samples deformed in compression to 1% plastic strain and 

e) ND sample deformed up to the fracture. 

 a) 

 b)  c) 

 d)  e) 
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Samples 45 (Figure 6c) and ND (Figure 6d) exhibits significantly smaller amount of twins, which is consistent 

with the results in Figure 4. All this twins are {10 2} extension twins. The microstructure of ND sample 

deformed to the fracture (Figure 6e) shows another type of twinning. It was analyzed as double twinning. First 

the {10 1} compression twins are formed then the twins undergo the {10 2} extension twinning. This is 
consistent with the presence of another AE cluster in the Figure 4 for the deformation in ND direction. This 

cluster is connected to the double twinning. 

4. CONCLUSION 

The deformation test and the microstructural analysis show the different evolution of twinning as a result of 

orientation and loading direction. The yield stress of the material significantly depends on the suitability of 

orientation for twinning. Twinning is presented in all the samples but its role differs a lot. For the compression 

in the RD, twinning is the main deformation mechanism up to 6% of strain and the deformation has character 

of bands. Sample oriented in direction 45° also presents significant twinning activity; however, it is limited 

around the yield point. Twinning in the ND is limited to small number of grains around the yield point. Another 

twinning system {10 1} compression twinning is active at higher stresses and it is followed by the {10 2} 

twinning. 
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Abstract 

Sintered permanent magnets based on the Nd2Fe14B intermetallic compound are widely used in industry as a 

rule in a temperature range of from -60 to 150 °C. However, in recent years, there appears a need to use such 

magnets at cryogenic temperatures and mainly at liquid nitrogen temperature (77 K). The natural increase in 
Br of Nd-Fe-B magnets with falling temperatures is well known phenomenon but it is limited to temperatures 

above 135 K due to the spin-reorientation in Nd2Fe14B-based alloys. At this temperature, the easy-axis 

magnetic anisotropy changes to easy-axes cone anisotropy. The Pr2Fe14B compound exhibits no spin-

reorientation transition up to cryogenic temperatures. Therefore, permanent magnets based on Pr2Fe14B 

compound are of interest for investigators owing to the capability of these magnets to remain high hysteretic 

parameters at low and cryogenic temperatures. In this case, the natural increase in the hysteretic parameters 

with decreasing temperature can be adequately used. The Pr2Fe14B-based magnets (Pr-Fe-Ti-Al-Cu-B) were 

prepared by traditional powder metallurgy technology, and 3 wt.% HoH2 was added to the main powder at the 

fine-milling stage. The structure of the magnets was studied in detail by scanning electron microscopy 

(SEM/EDX) and the formation of pronounced so-called “core-shell” structure was demonstrated. The effect of 

HoH2 hydride addition on the hysteresis loop parameters of sintered Pr-Fe-Ti-Al-Cu-B magnets was studied 

and the marked improvement of hysteretic parameters was found. Domain structure of the magnets was 

studied perpendicular and parallel to the magnet texture using magnetic force microscopy. The data obtained 

indicate the well-formed magnetic texture. The average domain width is 1.2-1.8 µm. 

Keywords: Pr-Fe-B magnets, coercive force, core-shell structure, SEM, low-temperature hysteretic  

        properties 

1. INTRODUCTION 

In recent years, permanent magnets based on (Pr,Nd)2Fe14B compounds are of interest for investigators owing 

to the possibility to use them at cryogenic temperatures (undulators, magnetic bearings, wiggler, etc.) [1-3]. 

Nd2Fe14B-based magnets with a high remanence cannot be employed for the construction of room temperature 

undulator because of their weak coercivity at this temperature. As the temperature decreases to cryogenic 

temperatures, not only the remanence but also the coercivity increase and consequently these magnets 

present a high resistance to demagnetization.  

The natural increase in Br of Nd-Fe-B magnets with falling temperatures is well known phenomenon but is 

limited to temperatures above 135 K due to the spin-reorientation in these alloys. At this temperature, the easy-

axis magnetic anisotropy changes to easy-axes cone anisotropy, namely, the easy magnetization axis is tilted 
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from the crystallographic c-axis [001] and the spin-reorientation transition (SRT) takes place. The tilted angle 
increases with decreasing temperature and Br decreases below values corresponding to the room 

temperature. Thus, the natural low-temperature-induced increase in hysteretic properties cannot be used 

adequately. The Pr2Fe14B-based magnets exhibit no spin-reorientation transition up to 4.2 K [4-5]. 

Since the majority of Nd2Fe14B-based magnets are operate at 200-450 K, i.e., at temperatures that are 

substantially higher than the liquid nitrogen temperature (77 K), previously, Pr2Fe14B-based magnets  

almost were not used. Despite of the fact that many magnetic parameters of the compound are higher than 

those of Nd2Fe14B or comparable with them (the anisotropy field of Pr2Fe14B (8.7 T) is higher than that of 

Nd2Fe14B (6.7 T) [6]), indicating that a somewhat higher intrinsic coercivity (Hcj) could be obtained in the 

former; the Curie temperature of Nd2Fe14B (586 K) is slightly lower than that of Pr2Fe14B (569 K) [7] and the 

saturation magnetization of Pr2Fe14B (1.56 T) is also comparable to that of Nd2Fe14B(1.60 T) [8]. All these 

factors make Pr-Fe-B magnets attractive for broad temperature range applications. However, Pr2Fe14B-based 

magnets exhibit the worse temperature and time stability. In particular, the reversible temperature coefficient 
of magnetic induction (α) in a temperature range of 293-373 K is ~0,015 %/K, whereas that of Nd2Fe14B-based 

magnets is 0,012 %/K [9]. The Pr-Fe-B alloys are more viscous than the Nd-Fe-B alloys; this fact determines 

the higher quenching rates and assumes the application of hydrogen decrepitation. However, it was shown in 

[10] that the presence of hydrogen changes the anisotropy nature of Prl5Fe79B6 hydrogenated powders from 

uniaxial to planar in the range between 4250 and 4500 ppm of hydrogen, i.e., at room temperature, the 

hydrogenated Prl5Fe79B6 composition has the planar magnetic anisotropy. This leads to the fact that, when the 

hydrogenated Pr2Fe14B powder is compacted in a magnetic field, no texturing along the easy magnetization 

axis takes place, and the powder behaves similarly to an isotropic powder. In this case, the hysteretic 

parameters of magnets decrease abruptly. The authors of [10] suggest either to dehydrogenate the powder 

before compacting or to alloy the composition with dysprosium. Since, as a rule after passivation with CO, the 

powder is dehydrogenated by heating in a vacuum, the oxidation and carbonization of powder can occur, which 

affects negatively the hysteretic parameters of permanent magnets. 

The aim of the present study is to investigate the effect of holmium hydride HoH2 additions, which are subjected 

to fine milling together with the hydrogenated PrFeBНх alloy, on the texture formation and properties of 

permanent magnets over a wide temperature range (4.2 - 373 K). 

2. EXPERIMENTAL 

The alloy containing (wt.%) Pr-33, Ti-0.9, Al-0.3, Cu-0.15, В-1.3, Fe - balance was prepared by induction 

melting in an argon atmosphere and cast into a water-cooled copper mold. The alloy was subjected to 

hydrogen decrepitation using a bell-type furnace; the furnace chamber was preliminarily washed with nitrogen 

gas and flashed with hydrogen; after that, the hydrogenation was performed during heating to 200 °C for  

1.5-2 h and subsequent holding at 200 °C for 1 h. After hydrogenation, the furnace chamber was washed with 

nitrogen gas, and the alloy was subjected to furnace cooling to room temperature. Powders of Pr2Fe14B-based 

alloy and its mixture with HoH2 were prepared by milling in isopropyl alcohol medium using a vibratory ball mill. 

Magnet blanks were prepared by compacting at a compacting force of 29.4 MPa using a hydraulic press; the 

loading rate was no more than 10 mm/s. A texturing magnetic field of 1.6 T was applied perpendicular to the 

pressing force direction. The blanks were dried and sintered at 1375 K for 1 h (single-cycle technological 

operation) and subjected to low-temperature treatment at 775 K for 1 using vacuum resistance furnaces. 

Magnetic properties of magnets were studied in a temperature range of 4.2 - 295 K in magnetic fields of to 

2000 kA/m using a MH-50 hysteresis graph and a close magnetic circuit. The preliminary magnetization was 

realized in pulse magnetic fields of to 12 MA/m. Magnetic measurements in a temperature range of 4.2 - 295 

K were performed in fields of to 7200 kA/m using a vibrating sample magnetometer. 

The microstructure, phase composition, and chemical composition of the phases were studied by scanning 
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electron microscopy using a QUANTA 450 FEG scanning electron microscope equipped with an EDX APOLLO 

X analyzer. The phase composition of magnets was studied by X-ray diffraction (XRD) analysis using an Ultima 
IV (Rugaku, Japan) diffractometer equipped with a D/teX detector and CuKα radiation. X-ray diffraction patterns 

were taken in a 2θ angular range of 3-100º at a scanning step of 0.001º. The qualitative and quantitative 

analyses of X-ray diffraction patterns were performed using simplified Rietveld method, PHAN and PHAN% 

software. The domain structure of magnets was studied perpendicular and parallel to the magnet texture by 

magnetic force microscopy (MFM) using Solver Pro EC (NT MDT) equipment. 

3. RESULTS AND DISCUSSION 

3.1. Structural Studies 

Figures 1a, b show the microstructure of magnets prepared from the alloy (wt.%) Pr-33, Ti-0.9, Al-0.3, Cu-

0.15, В- 1.3, Fe-balance with 3 wt.% HoH2, which was added to the powder mixture (points of electron 

microprobe analysis (EMA) are indicated). According XRD data and EMA data, four structural components 

were found; these are the main magnetic (Pr,Ho)2Fe14B-based phase, (Pr,Ho)rich phase, (Pr,Ho)2O3 oxide 

phase, and Ti-containing phase (Table 1). 

        

Figure 1 Microstructure (SEM, back-scattering electron mode) of the (Pr,Ho)2Fe14B-based magnet 

Table 1 Electron microprobe analysis data (wt.%) for the Pr-Ho-Fe-B magnet (area and local analysis) 

Element/phase O Al Ti Pr Nd Fe Ho Cu 

Area 3.1 0.6 1.3 30.1 1.5 57.1 4.6 0.6 

Phase 1 1.6 0.5 0.3 24.5 1.3 64.8 5.2 0.6 

Phase 2 2.2 0.4 0.3 76.8 2.4 7.1 1.2 8.4 

Phase 3 1.3 0.1 73.5 11.2 0.5 10.3 1.3 1.0 

Phase 4 18.3 0.0 0.4 72.1 2.8 3.1 2.5 0.4 

According to EMA data, the main magnetic phase is depleted of rare-earth metals (the content of REM 

(Pr+Ho+Nd) is ~32 wt.% (Nd is present as an impurity in starting praseodymium). Phase 2 corresponds to Rrich 

phase. Phases 3 and 4 are Ti-based and oxide phases, respectively. Copper mainly presents at ternary 

junctions of 2-14-1 grains. 

The Ho distribution within the main magnetic phase grains was studied in detail (see Figures 2a, b, c, d). It 

was found that holmium demonstrates the nonuniform distribution within the 2-14-1 main magnetic phase, 

namely, cores of grains are Ho-depleted, whereas the edges of grains are Ho-enriched, i.e., so-called "core-

a) b) 
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shell" structure is formed when HoH2 hydride additions are used in powder mixture. 

    

         

Figure 2 (a) SEM image of 2-14-1 phase grain, (b) EMA data along the scanning line in Figure 2a, (c) Ho 

and (d) Pr distribution maps. 

3.2. Magnetic measurements 

Figure 3 shows magnetization-reversal portions of hysteresis loops for the Pr-Ho-Fe-B permanent magnets 

measured at different temperatures. It is seen that the hysteretic properties of Ho-reached magnet are higher 

substantially than those of Pr-Fe-B magnet despite of the fact that Ho atoms antiferromagnetically ordered 

with Fe atoms. Measurements performed at low temperatures indicate the progressive increase in the 

magnetic induction and maximum magnetic product by 13 and 27 %, respectively. According to the magnetic 

measurements, no spin-reorientation transition takes place at temperatures up to 4.2 K. 

The determined hydrogen content in the magnet is ~ 2500 wt. ppm. Such hydrogen content does no result in 

the magnetic anisotropy change for Pr2Fe14B compound, which takes place at a hydrogen content of 4500 

ppm [10]. 

The increase in the magnetic properties for the Ho-containing magnet can be related to the presence of Ho in 

the Pr2Fe14B crystal lattice and formation of "core-shell" structure of the phase grains. Such an explanation of 

the increase in the coercive force is seemed to be paradoxical. It is known that the alloying of Nd2Fe14B-based 

magnets with Dy and Tb leads to the increase in the coercive force and is related to the higher anisotropy 

b) 
a) 

c) d) 
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fields of the Dy2Fe14B and Tb2Fe14B compounds as compared to that of Nd2Fe14B (by 2 and 3 times, 

respectively) [7]. The analogous explanation can be applied for Nd-Fe-B-based magnets alloyed with Ho since 

the anisotropy field На of Ho2Fe14B is higher, although slightly, than that of Nd2Fe14B [11]. However, the 

anisotropy field of Ho2Fe14B is equal to or slightly lower than that of Pr2Fe14B [7]. Thus, the increase in the 

coercive force of Pr-Fe-B magnets alloyed with Ho cannot be related to the increase in the anisotropy field Ho-

containing composition. 

      
Figure 3 (a) Magnetization reversal portions of hysteresis loops (plotted with allowance for demagnetizing 

factor) measured at different temperatures and (b) maximum magnetic energy product for the Pr-Ho-Fe-B 

permanent magnet 

There are calculated data in the literature [12-13], which indicate that the alloying of Nd2Fe14B with heavy rare-

earth metals (Dy and Tb) results in the stabilization of Nd2Fe14B-type structure in contrast to the effect of light 

rare-earth metals (La, Pr). We can assume that holmium, as the heavy rare-earth metal, also stabilizes the 

Nd2Fe14B-type structure and favors the higher resistance to the formation of crystal lattice stacking faults, 

which are responsible for the local decrease in the anisotropy field during operation of permanent magnets. 
Thus, the crystal-lattice stabilization factor can be more substantial than the averaged (over the volume or 

surface of 2-14-1 grain) increase in the anisotropy field. Therefore, we have the increase in the coercive force 

ever in the case of equal (or decreased by alloying) anisotropy field. The importance of the role of structural 

state of the main magnetic field was discussed by us in [14]  

           

Figure 4 MFM data for the Pr-Ho-Fe-B magnet (a) perpendicular and (b) parallel to magnetic texture  

of the magnet 

a) b) 
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Domain structure of the Pr-Ho-Fe-B magnet is given in Figure 4. According to the data, the magnet has the 

adequate magnetic texture. 

During MFM measurements of the remanent state of (Nd,Dy)-Fe-B core shell model magnets, which were 

prepared by co-sintering Nd-Fe-B and (Nd,Dy)-Fe-B powders [15], a magnetic contrast of core and shell within 

the same grain was found. Micromagnetic simulation was carried out in addition to resolve the specific 

nucleation site for the reversal. It was found [15] that the position of the nucleation site depends critically on 

the magnetocrystalline anisotropy Kedge in the shell edge, which is defined as the defect layer in the shell 

surface. Low and high Kedge favors the nucleation in the shell and core, respectively [15]. The analogous 

analysis in further should be performed for the Pr-Ho-Fe-B magnets prepared in the present study. 

4. CONCLUSIONS 

1) Sintered permanent magnets Pr-Ho-Fe-Ti-Al-Cu-B were prepared in using HoH2 hydride additions; the 
following magnetic characteristics at room temperature were reached Br = 1.13 T, jHc = 1340 kA/m, 

(BH)max = 222 kJ/m3. The 4.2 and 77 K the hysteretic properties are Br = 1.33 T, jHc = 5365 kA/m, (BH)max 

= 336 kJ/m3 and Br = 1.32 T, jHc = 4815 kA/m, (BH)max = 333 kJ/m3, respectively. 

2) The dependence of the magnetization of the magnet on the temperature exhibits no spin-reorientation 

up to 4.2 K. 

3) The phase composition of the magnet is characterized by the presence of 4 structural components; 

these are the main magnetic (Pr,Ho)2Fe14B, (Pr,Ho)rich, (Pr,Ho)2O3 oxide, and TiB-based phases. The 

Ho content in the (Pr,Ho)rich phase was found to lower than that in the main magnetic 2-14-1 phase. 
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Abstract  

Grade 316L is the low carbon austenitic stainless steel with molybdenum content and is immune from 

sensitisation (grain boundary carbide precipitation). Thus it is extensively used in heavy gauge welded 

components. The austenitic structure also gives excellent toughness, even down to cryogenic temperatures. 

The molybdenum gives 316L good overall corrosion resistant properties, particularly higher resistance to pitting 

and crevice corrosion in chloride environments. Compared to chromium-nickel austenitic stainless steels, 316L 

stainless steel offers higher creep, stress to rupture and tensile strength at elevated temperatures. These 

properties are specified for flat rolled product (plate, sheet, pipe, bar and coil) in ASTM A240/A240M.  

Thermal treatment of SUS 316L alloys allows significantly influence microstructure and mechanical properties. 

The aim of this work was the study of microstructure of SUS 316L before and after annealing. The heat regimes 

were performed at these conditions: 1050, 1100 and 1150 °C for 20 minutes followed by slow cooling in 

vacuum. Microstructures features were studied by means of optical and scanning electron microscopies, EDX 

microanalysis and microhardness measurement. Higher aging temperatures and annealing time led to 

decreasing microhardness and microstructure changes (grain growth).  

Keywords: Alloy SUS 316L, heat treatment, microstructure, EDX analysis, microhardness 

1. INTRODUCTION 

The austenitic stainless steel grade 316L is the low carbon standard molybdenum-bearing alloy. The 

molybdenum gives good overall corrosion resistant properties, particularly higher resistance to pitting and 

crevice corrosion in chloride environments. Grade 316L is immune from sensitisation (grain boundary carbide 

precipitation). Thus it is extensively used in heavy gauge welded components (over about 6 mm). The 

austenitic structure also gives this grade excellent toughness, even down to cryogenic temperatures, 316L 

offers higher creep, stress to rupture and tensile strength at elevated temperatures [1]. In addition to excellent 

corrosion resistance and strength properties, types 316 and 316L alloys also provide the excellent fabricability 

and formability which is typical of the austenitic stainless steels. 

Chemical composition and typical mechanical properties of 316L are presented in Table 1 and Table 2. 

Table 1 Composition ranges for 316L stainless steels (wt.%) [1, 2] 

Grade C Mn Si P S Cr Mo Ni N 

316L <0.03 <2 <1 <0.045 <0.03 16-18.5 2-3 10-14 <0.1 

Table 2 Typical mechanical properties of 316L stainless steels [1] 

Grade Yield strength 
0.2%  min. (MPa) 

Tensile strength  
min.  (MPa) 

Elongation min.    
(% in 50 mm) 

Hardness Rockwell 
max. (HRB)  

Hardness Brinell 
max. (HB)  

316L 170 485 40 95 217 
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Grade 316 has good oxidation resistance in intermittent service to 870 °C and in continuous service to 925 °C. 

Grade 316L is resistant to carbide precipitation and can be used in the above temperature range. It has 

excellent weldability by all standard fusion and resistance methods, both with and without filler metals. Fully 

austenitic weld deposits are more susceptible to cracking during welding. For this reason Types 316 and 316L 

"matching” filler metals are formulated to solidify with a small amount of ferrite in the microstructure to minimize 

cracking susceptibility. 316L stainless steel tends to work harden if machined too quickly. For this reason low 

speeds and constant feed rates are recommended. 316L stainless steel is also easier to machine compared 

to 316 stainless steel due its lower carbon content. 

316L stainless steel can be hot worked using most common hot working techniques. Optimal hot working 

temperatures should be in the range 1150-1260 °C, and certainly should not be less than 930 °C. Post work 

annealing should be carried out to induce maximum corrosion resistance. Most common cold working 

operations such as shearing, drawing and stamping can be performed on 316L stainless steel. Post work 

annealing should be carried out to remove internal stresses. 316L stainless steel does not harden in response 

to heat treatments. It can be hardened by cold working, which can also result in increased strength. 

The austenitic stainless steel 316L is provided in the mill annealed condition ready for use. Heat treatment 

may be necessary during or after fabrication to remove the effects of cold forming or to dissolve precipitated 

chromium carbides resulting from thermal exposures. For the Type 316 alloy the solution anneal is 

accomplished by heating in the 1040 to 1175 °C temperature range followed by air cooling or a water quench, 

depending on section thickness. Cooling should be sufficiently rapid through the 816 - 427 °C range to avoid 

re-precipitation of chromium carbides and provide optimum corrosion resistance. In every case, the metal 

should be cooled from the annealing temperature to black heat in less than three minutes. Type 316 cannot 

be hardened by heat treatment [2]. 

Typical applications of the 316L include: food preparation equipment particularly in chloride environments, 

pharmaceuticals, marine and architectural applications, fasteners, medical implants, including pins, screws 

and orthopaedic implants like total hip and knee replacements [2]. Next information on the effect of heat 

treatment on microstructure, mechanical and other properties of austenitic stainless steel 316L you can find in 

[3-7] and elsewhere. 

Thermal treatment of SUS 316L alloys allows significantly influence microstructure and mechanical properties. 

The aim of this work is the study of microstructure and mechanical properties of 316L alloy before and after 

thermal treatment. 

2. EXPERIMENT 

The initial material for the experiments were 316L thin tubes with outside diameters 8 mm (thickness 0.42 mm) 

delivered by Continental Automotive Czech Republic s.r.o. One batch of samples (No. 1) was delivered in a 

condition after air-annealing (the oxide layer on a surface of the tubes), the second batch of samples (No. 2) 

was in a condition after deformation forming. For experimental high vacuum annealing of the samples the 
following heat treatment modes were used - see Table 3: 

Table 3 Regimes for heat treatment of 316L tubes   

Regime Heating  Pre-annealing Annealing  Cooling Samples No. 

A 12 °C / min --- 1100 °C / 20 min Free in the furnace 1, 2 

B 30 °C / min --- 1050 °C / 20 min Free in the furnace 2 

C 24 °C / min ---- 1150 °C / 20 min Free in the furnace 2 

D 24 °C / min 800 °C / 10 min 1050 °C / 20 min Free in the furnace 2 
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Figure 1 presents as an example a histogram of regime B for sample No. 2. 

 

Figure 1 Regime B of heat treatment for sample No 2 

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 HV0.1 was 

measured through 5 indents across the wall of tube from inner to outer surface of the specimen at 10 g load.   

3. RESULTS 

3.1. Microstructure analyses 

Figure 2 shows images of the selected specimens after different heat treatment regimes, both in the initial 

state and after high-temperature annealing in various conditions.  
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Figure 2 Microstructures of 316L tubes after various conditions of heat treatment. A - sample No. 1 after air-

heating - delivered state (longitudinal section), B - sample No. 1 after annealing 1100°C/20 min in vacuum 

(cross section), C (longitudinal section) and D (cross section) - sample No. 2 after cold working operations - 

delivered state, E, F, G, H - sample No. 2 after vacuum annealing: E - 1050 °C / 20 min; F - 1100 °C / 20 

min; G and H - 1150 °C / 20 min. The microstructure was developed using chemical etching in a solution of 
50 ml H2O + 50 ml HCl + 5 ml HNO3 acids. In Figure 2H are visible marks after Vickers microhardness 

measurements. 
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3.2. Grain sizes and microhardness 

Based on the metallographic images, for all the samples the mean grain size was determined including the 

group classification according to ČSN EN ISO 643. Further, microhardness of the samples was measured in 

the delivered condition and after different conditions of vacuum annealing with subsequent free cooling in a 
vacuum furnace - see Table 4.  

Table 4 Grain sizes and microhardness HV0.1 (average value from 5 measurements) of 316L after various  

   regimes of heat treatments  

Sample No. 1 2 

Conditions 
Delivered 

state 
1100 °C 
20 min 

Delivered 
state 

1050 °C 
20 min 

1100 °C 
20 min 

1150 °C 
20 min 

800 °C/10 min +  
1050 °C/20 min 

Figure 2A 2B 2C, 2D 2E 2F 2G, 2H  

Grain sizes (μm) 4.1 ± 1.6 43 ± 17 33 ± 13 42 ± 14 42 ± 12 89 ± 24 50 ± 13 

Grain size by ČSN EN 
ISO 643 

G 12-13 G 5-6 G 6-7 G 6 G 6 G 4 G 5-6 

Microhardness HV0.1 192 ± 6 169 ± 9 424 ± 15 132 ± 3 198 ± 19 133 ± 7 140 ± 6 

3.3. SEM/EDX chemical microanalysis 

In Table 5 are presented results of the chemical analysis for sample 2 in the delivered state. The oxidic Cr2O3 

+ FeO and sulphide inclusions of MnS type were accidentally found in the microstructure. 

Table 5 Results of chemical analysis of used 316L steel 

Element Si Cr Mn Fe Ni Mo 

(wt%) 1.07 19.61 1.83 63.44 12.25 1.78 

4. DISCUSSION 

Vacuum annealing of stainless tubes with a diameter of 8 mm and a wall thickness of 0.42 mm was carried 
out in order to reduce the delivered material hardness from the original values of about 420 HV0.1 to a required 
value from 140 to 180 HV0.1. The tubes after soft annealing were intended for following processing by 
mechanical forming to final products.  

In order to optimize the vacuum annealing technology, several modes were proposed - see Table 3. It was 
found out that both rise time to the annealing temperature and the annealing temperature itself affect structural 
and mechanical properties of 316L alloy. The annealing time was the same in all the experiments, i.e. 20 
minutes. At the high 1150 °C temperature of annealing the grain grow to an average size of approximately 90 
μm occurred, whereas more or less the same microhardness was found out both at the annealing temperature 
of 1050 °C and 1150 °C. Annealing resulted in the total recrystallization of the samples leading to formation of 
new polygonal-shaped grains. Annealing twins were also found out here - see Figures 2B, 2E, 2F and 2G.  

As a result of partial findings the following optimal mode for vacuum annealing of samples was proposed:  

1) Rise to the temperature of 800 °C at a rate of 24 °C/min, 
2) Holding on 800 °C temperature for a period of 10 minutes, 
3) Rise to the temperature of 1050 °C at a rate of 24 °C/min, 
4) Holding on 1050 °C temperature for a period of 20 minutes, 
5) Free cooling in a furnace under vacuum. 

The vacuum during the high-temperature annealing period must be better than 0.1 Pa.  
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The resulting structural properties of such annealed samples feature required parameters in term of grain sizes 
and their morphology. Also the microhardness values are within the demanded range, which is required for 
subsequent mechanical cold processing of the tubes. Holding on 800 °C is necessary to maintain the 
demanded vacuum level under 0.1 Pa for the whole time of annealing. 

The declared occurrence of chromium carbides [2] at exceeding the temperatures between 800 to 450 °C 
(cooling) was not observed in our experiment either in the metallographic images or in SEM/EDX analysis. 

5. CONCLUSIONS 

The aim of the work was to propose an optimal heat treatment mode for SUS 316L alloy in a form of thin-
walled tubes. On the basis of verifying experiments the following high vacuum annealing process was 
proposed: 

Rise to the temperature of 800 °C at a rate of 0.4 °C/s � holding on 800 °C temperature for a period of 10 
minutes � rise to the temperature of 1050 °C at a rate of 0.4 °C/s � holding on 1050 °C temperature for a 
period of 20 minutes � free cooling of the samples under vacuum. 

This mode ensures the required grain size of G 5-6 value according to ČSN EN ISO 643 and microhardness 

HV0.1 on a level of 140 ± 10. 
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Abstract 

Powder bed techniques of additive manufacture, where the built product is surrounded by a loose powder, 

yield low-quality surfaces. The powder particles that are in a close contact with the product adhere to its 

surface, either by thermal diffusion effects or by partial melting by contour scan tracks. The surface of additively 

manufactured metals has been shown to negatively affect mechanical properties, with the most negative 

impact on fatigue. Besides, these particles can loosen and cause problems during part operation. With respect 

to the above-mentioned problems, different ways of surface finish have been applied. In this study, we tested 

the samples of the Ti6Al4V alloy prepared by selective laser melting with three different surface finishes (as-

built, machined and machined + tumble polished), and subjected them to high-cycle fatigue tests. Although 

many authors have reported on the positive effect of a surface finish on fatigue, in this study, we show that it 

might not always be true.  

Keywords: Additive manufacture, SLM, fatigue, Ti6Al4V 

1. INTRODUCTION 

In the last decade, additive manufacturing (AM) has generated much interest because it offers specific features 

that conventional manufacturing cannot. The most outstanding benefit is the ability to prepare complex 

designs, e.g. with internal porous structures, in one step. As AM products are formed by the gradual addition 

of input materials, their final form is directly based on 3D computer models [1]. The most commonly-used AM 

techniques are the so-called powder bed techniques, such as selective laser melting (SLM) or electron beam 

melting (EBM), which offer the highest resolution. In powder bed techniques, thin layers of powders are 

deposited onto a build plate and subsequently melted by a focused energy source in coordinates given by the 

3D model [2]. Although high-quality products reaching up the theoretical density can be currently 

manufactured, there are still some limitations. 

The most significant limitation of powder bed AM techniques is the low surface quality of the products. Because 

a built product is surrounded by loose powder throughout the AM process, the powder particles in a close 

contact with the product surface adhere to it, either via thermal diffusion effects or via partial melting by contour 

scanning. Such particles become a firm part of the product at the cost of its dimensional accuracy. The larger 

the powder size, the more pronounced the deviations are [3]. Apart from deviations from precise shapes and 

dimensions, the surface of additively manufactured metals has been shown to negatively affect their 

mechanical properties, with the most negative impact on fatigue [4]. Moreover, loosely bound particles can 

also yield in operational risks (wear abrasion, inflammation in the body etc.) in case they become detached 

[5]. 

To address the above-mentioned problems, various processes of surface finishing have been tested. Although 

conventional machining and polishing have been applied widely [6-10], such mechanical surface treatment is 

only applicable for simple-shaped products. For more complex shapes, sand blasting [11], shot-peening [12], 

laser surface treatment (ablation [13], remelting [14]) and ultrasonic abrasive finishing [15] have been tried. 
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However, all these techniques are inadequate for the surface treatment of porous structures [16], for which 

different approaches have been sought. Several researchers have investigated chemical treatment in specific 

mixtures of acids [17,18] or electrochemical polishing [19]. Unfortunately, there is not a perfect solution so far. 

Thus far, well-defined, reliable and repeatable method for the uniform removal of the rough surface of AM 

metals has not been reported in the literature. 

One of the most studied materials prepared by powder bed AM techniques is the Ti6Al4V alloy due to its great 

combination of material properties and wide range of potential applications, even in very demanding conditions 

(e.g. aircraft parts, safety car parts, orthopaedic or dental implants, chemical plants). Although the AM process 

is already optimized and high-density, high-strength products can be obtained, material fatigue strongly limited 

by the rough surface is of central interest. In our previous research [20], the fatigue strength values of the 

Ti6Al4V alloy prepared by SLM and EBM fell well below the given limit for the conventionally-prepared material. 

The comparison between the two AM technologies revealed that the surface had the major influence on the 

fatigue behaviour. Similarly, other studies showed that this material did not meet the desired value of fatigue 

strength when tested in the as-built condition [21,22], stating that the surface finish is the decisive factor in the 

fatigue performance [23]. Many researchers thus implemented a post-fabrication machining in an attempt to 

increase the fatigue strength. While some were successful [16,23-25], others were not [26,27]. This raises a 

question: Is the surface finish really the key factor in the fatigue of AM metals? 

In this study, we apply conventional machining to remove the original rough surface of the Ti6Al4V alloy 

prepared by SLM and thereby increase its fatigue resistance. We show that the machining does not result in 

any significant improvement, what we link, based on the fractographic analysis, to the inherent structure of the 

AM material. 

2. MATERIALS AND METHODS 

In this study, the effect of surface finish on fatigue was demonstrated using the Ti6Al4V alloy (Ti grade ELI 23) 

prepared by Selective Laser Melting (SLM). Samples were designed in a CAD software based on the 

requirements set by the ASTM E606 standard.  

For SLM, an M2 Cusing machine (ConceptLaser, Germany), equipped with one 200W Yb:YAG fiber laser, 

was used. The input material was supplied in the form of a gas-atomized powder with average particle size of 

30 µm (rematitan® CL, Dentaurum, 15-45 µm). Processing parameters, which were set according to the 
recommendation of the SLM supplier, are summarized in Table 1. An island scanning strategy (with islands of 

5 x 5 mm2 area) was selected. All samples were built in the vertical Z-direction. Three series of 12 samples 

were produced. 

The first series was kept in the as-built condition. Two other series were subjected to surface finishing. The 

second series was machined by turning to a roughness of Ra = 0.4 µm. The third series was machined by 

turning + tumble polished using a disk finishing machine OTEC CF 1x18T supplied with ceramic abrasive 

particles. 

Table 1 Processing parameters applied for the SLM of the Ti6Al4V fatigue samples 

Laser power Laser scanning speed Laser spot size Hatching distance Layer thickness 

200 W 1250 mm·s−1 200 µm 80 µm 30 µm 

Fatigue test were performed using a 10 kN servohydraulic testing system in accordance with ASTM E466-7 

standard. Testing was done at room temperature under force-controlled amplitudes (160-600 MPa) at an 

asymmetry ratio R = −1 and frequencies of up to 50 Hz. The fatigue limit was evaluated after 107 cycles. 

The surface of the prepared samples was documented by a scanning electron microscope TESCAN VEGA 3 

(SEM). To assess the influence of a particular surface finish, selected samples were subjected to a 
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fractographic analysis using SEM after the fatigue tests. The samples loaded at an amplitude of 300 MPa were 

selected for a comparison of fracture surfaces. 

3. RESULTS AND DISCUSSION 

3.1. Surface finish 

Figure 1 shows surfaces of the tested sample series. The as-built surface shows a significant roughness, 

which is associated with adhered particles of the unmelted powder and ‘melt pools’ overlapping in successive 
layers (Figure 1a). The mean roughness depth Rz of 31±12 µm [20] thus corresponds to the average size of 

powder particles. Turning removes the original surface and results in regular grooves (Figure 1b). When 

tumble polishing is applied, this directionality is removed and pits formed by abrasive particles are 
homogeneously distributed over the entire surface (Figure 1c). 

 

Figure 1 Surfaces of three tested sample series: (a) as-built, (b) machined, (c) machined + tumble polished 

3.2. Fatigue 

Figure 2 shows the Wöhler’s curves of the tested samples with three different surface conditions. The curves 

are more or less overlapping, what suggests that there is not such a strong influence of the surface. The fatigue 
endurance limits, which reached comparable values, are summarized in Table 2. To explain the surface 

finishing was not beneficial, fracture surfaces of samples loaded at the amplitude of 300 MPa (Figure 3) were 

subjected to the fractographic analysis and compared. The number of cycles that these samples endured was 
in the order of 104 (see Table 2). 

In all cases, a crack initiated from a superficial defect. In the as-built sample, even two initiation sites were 
observed (Figure 3a). Crack initiation occurred at the original surface, where overlaps of layers and powder 

particles exhibit a notch effect. The major crack and fragile morphology of the fatigue fracture can be seen in 
Figure 3d. In the machined sample, only one main initiation site was detected. Although machining removed 

surface irregularities acting as stress concentrators, it brought internal defects into the proximity of the sample 
surface. Figure 3e shows that the crack initiated at a lack-of-fusion (LOF) defect. LOF defects results from 

inappropriate interconnection between adjacent scan tracks/layers. If thermal conditions are altered and melt 

pools size is consequently reduced, melt pools do not overlap perfectly. Even completely unmelted particles 

can thus be trapped in the solidified material [28]. LOF defects are usually slit-shaped, so act as significant 

stress concentrators. In the tumble polished sample, a similar LOF defect initiated the fatigue crack 
(Figure 3d). As this discontinuity spread out to the depth of about 0.5 mm, it significantly promoted the crack 

propagation. As a result, the fatigue life of this sample was slightly lower than in the machined one despite its 

lower surface roughness. 
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Table 2 Fatigue endurance limits and number of cycles endured by the samples loaded at 300 MPa 

 as-built machined machined + tumble polished 

σc (MPa) 212±10 165±5 200±5 

N (-) at σa = 300 MPa 29.976 87.628 28.481 

 

Figure 2 Wöhler’s curves for the SLM Ti6Al4V samples with three surface conditions 

 

Figure 3 Fracture surfaces of (a, d) as-built, (b, e) machined and (c, f) machined + tumble polished samples 

loaded at an amplitude of 300 MPa. Red arrows show initiation sites which are displayed in detail in (d-f) 
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No general trend can be deduced from our observations. Machining slightly decreased the fatigue endurance 

limit because sub-surface defects became exposed and even more critical to the fatigue than the roughness 

of the original surface. Tumble polishing that followed might seem to slightly improve the fatigue strength, but 

it is not provable as the LOF defects were distributed within the samples randomly. 

4. CONCLUSION 

In this paper, we show that the surface finish may not always be beneficial to the fatigue of AM metals. It 

becomes decisive only under specific conditions that the material must meet. On the example of Ti6Al4V alloy 

prepared by SLM, we manifest that the material fatigue strength remained low despite removing the high 

surface roughness of the as-built samples having a strongly negative influence. Although the samples were 

prepared according to the recommendation of the SLM machine supplier, they exerted a certain amount of 

lack-of-fusion defects. By surface machining, these defects reached the surface and, instead of surface 

notches, became the main initiation sites of fatigue cracks. Therefore, if such defects are present, the 

contribution of surface finish is questionable. 
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Abstract 

Current tin recovery processes from steel sheets of scrapped cans are mainly based on hydrometallurgical 

methods using water solutions of acids and bases. Due to the universally binding tendency forcing activities 

aimed at improving the efficiency of production processes, also in the case of hydrometallurgical methods of 

metal recovery, it is necessary to look for new economic technological solutions. One of many such activities 

may be the initial impact machining of sheets of scrapped cans subjected to tin recovery, the result of which 

may significantly affect the speed of the hydrometallurgical process. 

Key words: Cans, tin, recovery, hydrometallurgy 

1.  INTRODUCTION 

Successively exhausting global natural resources, with a simultaneous dynamic increase in the consumption 

of material goods are the main impulseto search for new methods of recovery and recycling of waste materials. 

The necessity to ensure stable supplies of raw materials for production, among which metals constitute the 

largest group, encourages the search for new technological processes aimed at reducing the costs of obtaining 

them from municipal waste. Most frequently recovered metals packaging waste constituting the fraction of 

municipal waste is mainly the materials constituting the trunk of these packaging - cans. In this group, the 

recovery processes carried out mainly concern steel and aluminum sheets, regardless of the possible 

protective coatings on their surface. In the case of metal recovery from canned tin plates, the applied processes 

should cover both the steel from which they are made as well as the tin constituting the protective coatings of 

these sheets. Currently, cans are made from white steel sheets, tinned by electrolytic method [1].The 

technological process of tinning of steel sheets intended for the production of packaging should be compliant 

with the resulting standards from the applicable best available technologies BAT [2, 3].The total thickness of 

the tin layer applied by this method usually ranges from 2 to 5 μm, and therefore the waste of the sheets so 

coated contains less tin than in the case of fire coating. However, a relatively high share of this waste in the 

fraction of municipal waste makes recovery of the tin contained in them economically viable. Currently available 

tin recovery processes from steel surfaces of waste tin cans are mainly based on hydrometallurgical methods 

using aqueous solutions of acids and bases. The current environmental protection requirements, as the main 

condition, require the introduction of solutions aimed at improving the energy efficiency of the production 

processes.This requirement also applies to hydrometallurgical methods for metal recovery [4]. One of many 

different types of actions that improve the efficiency of these processes may be the initial mechanical treatment 

of waste tin cans subjected to tin recovery, the effect of which may significantly affect the dynamics of the 

hydrometallurgical progress. This article describes the results of tests, the effect of which can affect the 

acceleration of the course of the tin leaching process from steel sheets used to produce cans. The results of 

these tests can be used as a general process assumption for designing the initial stage of the recovery of tin 

from this group of waste [5]. 
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2.  RESEARCH MATERIAL AND SAMPLE PREPARATION 

The tests carried out used steel sheet samples obtained from one of leading industrial manufacturers of cans 

for food products. The steel sheet tested had a thickness of 0.15 mm and a tin coating on both sides, with the 

basis weight declared by the manufacturer corresponding to the series: 2.8/2.8 g/m2. The tests used unpainted 

steel sheet marked with number 1 and the same plate coated on both sides with layers of protective varnishes 
marked with number 2. Photographs of sheets were presentedin Figure 1. 

1)               2)  

Figure 1 Samples of steel sheets 

The varnishes used were commercial products made on the basis of epoxy-phenolic and polyester resins. The 
list of properties of the tested sheet samples and assigned identification numbers are shown in Table 1. 

Table 1 List of properties of tested tin-coated steel samples 

Signature of the 

tested sheet sample 

Types of applied varnishes 

Outer side of the sheet / cans Inside side of sheet metal / cans 

1 unpainted sheet unpainted sheet 

2 unpainted sheet 
white enamel 

(polyester varnish) 

The research began with microscopic observation of the surface of the plate samples and measuring the 

thickness of the applied protective layers of the varnish. Observations were made using a NIKON SMZ 1500 

type microscope, using a 100x magnification of the image. The results of microscopic examination in the range 
of the thickness of varnish layers are presented in Table 2. 

Table 2 List of results of thickness measurement of varnish layers on the tested plate samples 

 

Signature of 

the tested 
sheet sample 

Thicknesses of varnish layers  (μm) 

Outer side Inside side 

Measurement 

Mean 

 

Standard 

deviation 

 

Measurement 

Mean 

 

Standard 

deviation 

 

1 2 3 1 2 3 

1 unpainted sheet - - unpainted sheet - - 

2 3.74 3.83 3.93 3.83 +/- 0.095 7.00 7.12 7.33 7.15 +/- 0.167 
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During the microscopic tests, also photos of cross-sections of sheet samples were taken. Photographs of 
samples are shown in Figure 2. 

     

a) Sheet metal sample 1 - 100x magnification               b) Sheet metal sample 2 - 100x magnification 

Figure 2 Photographs of sheet samples 

Next, the thickness of tin coatings was measured on the surface of the plate sample 1, which was  

a standard for comparison of results obtained in the further part of the research. The measurement was carried 

out using the Fischerscope® XRAY XDL X-ray fluorescence analyzer. The measured mean of the three 

measurements of the tin h1 shell thickness on the outside of the sheet 1 was 0.521 μm, while on the inside the 

coating thickness h2 of the tin was 0.520 μm. The thickness of the tin coatings found were equivalent to the 

basis weight on the outer and inner side of 3.8/3.8 g/m2, which in accordance with the PN-EN 10202/2003 

standard allows qualify the sheet metal for the 2.8/2.8 g/m2 series. In the next stage of the research, the sheets 
of metal shown in Figure 1 were cut by pneumatic press for disks with a diameter of 6 mm. The size of the 

samples prepared in this way enabled further processing of the tested material for tin recovery in laboratory-

scale processes simulated in the laboratory. An example of the appearance of a plate sample (in the form of 
discs) prepared for further research is shown in Figure 3. 

 

Figure 3 Sample view of a sheet sample in the form of cut discs 

Then, a sample of a mass of 50g coated double-side plate was treated in a laboratory impact mill for 15 
minutes. The view of the laboratory impact mill and the inside of its drum are shown in Figure 4. The 

arrangement has the following parameters: drum diameter 200 mm, drum width 75 mm, roll diameter 65 mm, 

50 mm, 30 mm, speed 150 min-1, electric motor power 1 kW. 
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Figure 4 Interior view of the laboratory drum of the impact mill 

A view of a double-side varnished sheet metal sample subjected to a 15-minute impact treatment  
is shown in Figure 5. The sheet sample after impact machining was given the number 3. 

 

Figure 5 View of the sample 3 - coated sheet on both sides after impact machining 

A sample of the double-sided varnished sheet after the impact machining was subjected to microscopic 

observation using a NIKON SMZ 1500 microscope and a 100-fold magnification of the image. The results of 
microscopic examination in the range of the thickness of varnish layers are presented in Table 2. The 

organoleptic tests carried out on the sample of the sheet treated with impact proved that from 65 to 75% of the 

original surface of protective coatings was separated from the surface of the sheets. 

3.  TESTS OF HYDROMETALLURGIC TIN RECOVERY 

In the next stage of the research, tin leaching was carried out from the sheet surface 3 - after impact machining 

and from the surface of the uncoated sheet, in order to make a comparison. First, the tested samples was 

given a fixed surface S = 25 cm2, and then weighed. In the case of uncoated steel, the sample weight was mp 

= 3.0 g. In contrast, in the case of varnished sheet metal (including sheet metals before impact machining), 

the sample weight was 3.07 g. Subsequently, the tin mass in the test sheet samples was determined to be 

mpSn = 0.019 g, using the formula (1) [5]: 

mpSn= [(h1 + h2)·10-4] S ρSn          (1) 
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where 

      mpSn - mass of tin in the sample (g) 

      h1 - thickness of the tin coating on the external surface of the plate sample (μm) 

      h2 - the thickness of the tin coating on the inside surface of the plate sample (μm) 

      S - area of the test sample, amounting to 1 (cm2) 

      ρSn- specific gravity of tin at a temperature above 13.2 °C, amounting to 7.3 g/cm³ 

The samples thus prepared were subjected to tin recovery tests using hydrometallurgical methods. The 

experiments were carried out in a glass vessel filled with a leaching solution with a volume of VR1 = 0.03 dm3 

(guaranteeing the ratio s / l = 1/10) at 20 °C and constant rotational speed of the stirrer 300 rpm. The duration 

of the test process was 3 hours. Samples of the leaching solution were collected at 15, 30, 60, 120, 180 

minutes of the process, without interruption. As a leaching agent, the solution 1M NaOH was used. Samples 

taken during the process were diluted and analyzed for tin concentrations. The tests were performed using the 
Agilent MP-AES 4200 emission spectrophotometer. The results obtained are shown in Figure 6. 

 

Figure 6 Dependence of tin concentrations in 1M NaOH solution since sample leaching: 

 1 - unpainted, 2 - double-sided varnished, 3-double-sided varnished, impact-treated 

The above test results show that the layers of protective varnishes on the surface of the tested samples (have 

not been subjected to any treatment), constitute the essence of an obstacle in the process of tin leaching from 

the tin coatings underneath. A graphical comparison of the concentration of tin from leaching is shown in 
Figure 6. The graphic dependence of the obtained tin concentrations shows that in the case of sample leaching 

after impact treatment in the first 15 minutes of the process, a 45% increase in tin concentrations was obtained 

in relation to the values obtained for the reference sample - uncoated sheet. After 30 minutes of the process, 

however, the highest 57% increase in tin concentration was obtained - in the case of a sheet sample after 

impact machining, in relation to the uncoated sheet. After 60 minutes, a decrease in the upward trend was 

found,at which the difference in the concentration of tin was 24%. However, after 120 minutes, the compared 

samples obtained similar concentrations of tin in leaching solutions. The experiment was completed after 180 

minutes, resulting in a tin concentration value of 24% lower in the case of the sample after impact treatment in 

relation to the tin concentration obtained for the standard sample.Probable causes of this state of affairs are 

tin losses caused by mechanical treatment of the lacquered sample and insufficient removal of varnish layers 

from its surface as a result of mechanical machining. 
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5.  SUMMARY AND CONCLUSIONS 

The tests and the results obtained allow specify the following conclusions: 

1) Varnishes on the surface of the tested samples showed resistance to 1 M NaOH solution. The low 

efficiency of the tin leaching process from the surface of the tin samples coated with the top layer  

of varnish, prompts to looking for new methods that enable their initial removal. 

2) Mechanical impact of the test sheet sample 2, led to an increase in the dynamics of the tin leaching 

process in 1 M NaOH solution in the first 120 minutes from its start. This effect should be applied  

in the form of a designed technological arrangement, constituting the initial element of the string  

for hydrometallurgical recovery of tin from the surface of waste cans, also taking into account the 

elimination of tin losses caused by mechanical machining of sheets. 

3) Bearing in mind the increased dynamics of the tin leaching process from the surface of the sheets after 

the mechanical removal of layers of varnish in a roller mill, it seems correct to continue research on 

improving this process. 
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Abstract  

A metal matrix composite - consisting of a matrix of medium entropy alloy CoCrNi and Mo as reinforcement - 

is reported on the present study. The composite was produced by mechanical alloying (MA) in combination 

with spark plasma sintering (SPS). The investigation of the microstructural features, chemical composition and 

basic mechanical properties of the bulk material were subject to study, by means of X-ray diffraction (XRD), 

scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDS) and Vickers microhardness 

testing. A full-density composite has been achieved with the selected sintering conditions, showing an average 

hardness of 514 HV0.3. Its' microstructure exhibited four different phases, possessing a matrix consisting of 

FCC solid solution reinforced by BCC particles surrounded by a μ-phase in the interface of the 

matrix/reinforcement and dispersed HCP precipitates.  

Keywords: Metal matrix composite, mechanical alloying, medium entropy alloy, spark plasma sintering 

1. INTRODUCTION 

High and Medium entropy alloys (HEAs and MEAs, respectively) are an emerging class of metals which contain 

multiple elements, typically in (near) equiatomic ratio. They are currently receiving extensive attentions from 

materials science community due to their ability to form superior properties thanks to the four core effects [1] 

attributed to HEAs - such as superior ductility, good thermal stability, wear resistance and high-strength [2-5].  

HEAs and MEAs can possess - but not only - simple crystal structures as solid solutions, such as fcc, and the 

random distribution of multiple elements have the potential to form stacking faults (SF), rendering low stacking 

fault energy (SFE) [6]. The CoCrNi composition is a single-fcc MEA which has exhibited outstanding 

mechanical properties, showing a remarkable combination of fracture resistance and strength [5], due to its 

superior ductility - which comes from to the formation of a single-fcc solid solution. Its superior mechanical 

behaviour is mainly governed by the ability to form stress induced (nano-)twins which increase the ability of 

the material to accommodate plastic strain [5, 7-10]. 

In regard to engineering applications, however, single-fcc MEAs are not the most appropriate material, since 

their yield strength is relatively low. For engineering purposes, there is a high demand to attain excellent 

combination of high strength and good ductility mutually. In order to strengthen the single-fcc MEAs, there are 

several techniques which have been developed, such as grain refinement and precipitation hardening. 

Although, further efforts should be subject to approach to improve the strength of single-fcc MEAs even more, 

since the improvement in strength with the mentioned techniques are not enough [11].  

The creation of a metal-matrix composite (MMC) consisting of a matrix of CoCrNi and reinforcements as Mo- 

particles is a promising route, since the addition of Mo-particles have been verified in several systems and it 

shows strength improvement [11-13] as well as the MMC creation using CoCrNi-matrix on powder metallurgy 

route has been proven to be efficient [7, 14]. Therefore, on this paper, the MMC CoCrNi-Mo produced by 

powder metallurgy was subject to study and the investigation of its microstructural features, chemical 

composition and basic mechanical properties were carried out. 
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2. MATERIALS AND METHODS 

The composite formed by CoCrNi MEA matrix containing Mo particles was subject to study. The preparation 

of the composite’s matrix was achieved by placing powders of Co, Cr and Ni - with commercial purity of 

99.95 % - in a hardened steel milling bowl filled with high purity nitrogen atmosphere (6.0), together with 

hardened bearing steel balls (100Cr6) of 15 mm diameter, in a 10:1 ball-to-powder weight ratio (BPR). The 

sealed bowl was introduced into a planetary ball mill (Fritsch Pulverisette 6). The milling was conducted for a 

total of 30 h in a speed of 300 rpm, in a set time schedule of 60 min milling and 30 min idle, for 30 cycles. After 

the milling, toluene was added and wet milling has been performed for extra 30 min for complete removal of 

the powders from the surfaces. For the preparation of the reinforcement, Mo powders, of 99.95 % of 

commercial purity, were submitted to mechanical milling for 5 h and 30 min idle, for 5 cycles - utilizing the same 

scheme as for the matrix. After completion, further wet milling has been done for extra 20 min. For the 

preparation of the composite, the mechanically alloyed matrix’s and reinforcements‘ powders were mixed - in 

a ratio of 1:1 (matrix:reinforcement) - for 30 min in a hardened steel milling bowl filled with high purity nitrogen 

atmosphere (6.0), together with hardened bearing steel balls of 10 mm diameter in a 1:1 BPR, using 300 rpm 

speed.  

The milled powders were consolidated by Spark Plasma Sintering (SPS) in Sumitomo Coal Mining, Dr. Sinter 

SPS machine in Central European Institute of Technology (CEITEC Brno), in vacuum atmosphere, using a 30 

mm graphite die. A sintering temperature of 1050 °C with constant 30 MPa pressure was reached for the 

densification. The densification route was: 100 ºC/min from 0 up to 600 °C; 5 min dwell time at 600 °C (to 

remove any organic compounds potentially present); 100 ºC/min from 600 °C up to 1050 °C; 10 min dwell time 

at 1050 °C. The samples were, then, slowly cooled down in vacuum. The resulting bulk specimen was 

approximately 6 mm high cylinder with 30 mm diameter. 

The samples were analysed by SEM (Zeiss Ultra Plus) utilizing energy-dispersive X-ray spectroscopy (EDS). 

The constituent phases were analysed based on the acquired XRD spectra, obtained using 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 10° and 100° using a speed of 0.02 °/min and step size of 0.0167°. The radiation 

used was Cu-Kα with λ = 0.154056 nm. CALPHAD calculations were performed using ThermoCalc software, 

through the TTNI7 Ni-alloys Database v7.4 in order to predict the phase transformations during SPS. 

Nanoindentation hardness was performed in order to measure the average hardness of each phase. 15 

indentations were performed, with a Berkovich diamond indenter, using CSM Instruments NHT2 

nanoindentation tester, by Oliver & Pharr method, on acquisition rate of 10 Hz, maximum load of 100 mN, in a 

loading and unloading rates of 200 mN /min, dwell time of 10 s.  

Additionally, Vickers hardness measurements were carried out using loads of 300 g (composite) and 100 g 

(matrix), as well as dwell time of 10 s on the polished samples (15 measurements) using LM 247AT 

microhardness tester. 

3. RESULTS AND DISCUSSION 

The XRD pattern analysis of the composite CoCrNi-Mo SPSed bulk is presented in Figure 1. The major matrix 

is a FCC Ni-base solid solution phase was formed during SPS, possessing a calculated volume fraction of 

48.7 % and lattice parameter of 0.3598 nm. The second phase is BCC Mo solid solution - further confirmed by 

EDS analysis - corresponding to the desired reinforcement, with a calculated volume fraction of 24.4 % and 

lattice parameter of 0.3141 nm. The third phase is μ-phase, corresponding to Co7Mo6-like Rhombohedral 

intermetallic phase, with corresponding volume fraction of 21.3 % and lattice parameter of a = 0.4757 nm and 

c = 2.561 nm. At last, the fourth phase corresponds to a Co3Mo-like HCP precipitates‘ phase, comprising 

5.6 vol.%  and lattice parameter of a = 0.4933 nm and c = 0.4534 nm.  
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Figure 1 XRD Pattern of the CoCrNi-Mo SPSed bulk material 

In Table 1, it is possible to observe the corresponding chemical composition of each phase detected by XRD, 

on which the FCC matrix consists of a solid solution of Ni, Co and Cr in almost the same proportions and small 

traces of Mo. The BCC phase is pure Mo. The intermetallic μ-Phase, though, could consist of 37% of Mo and 

the Co atoms could be replaced in the unit cell for atoms of Cr or Ni, forming a rhombohedral microstructure. 

The analysis of the HCP phase was not possible due to the considerable small particle size correspondent to 

the phase, which was below the detection threshold of the EDS measurement. 

Table 1 EDS point analysis of each phase on CoCrNi-Mo SPSed bulk (at.%) 

Element Co Cr Ni Mo 

FCC 32 29 37 3 

BCC 0 0 0 100 

μ-Phase 17 26 20 37 

In Figure 2, the SEM micrographs of the composite bulk after SPS are shown. The FCC Ni-base solid solution, 

the BCC Mo-microstructure and the μ-phase are denoted by yellow arrows in Figure 2a. As it can be observed 

in Figure 2b in more detail, the μ-phase is surrounding the interface of the boundaries between the FCC and 

BCC microstructures, as a result of the reaction between Mo and Co (Ni or Cr substitutionally). The small HCP 
precipitates are represented in Figure 2c and are visible in Figure 2d as well. Annealing twins have been 

observed on the FCC matrix in Figure 2d due to the SPS procedure, as typically expected for CoCrNi [6, 7, 9, 

10], on specific boundaries with low energy which favours their appearance instead of normal grain boundaries 

- as in typical FCC materials. 

Figure 3 represents the phase diagram of CoCrNi varying the amount of Mo. It is possible to conclude that the 

μ-phase is a result of the reaction among the elements of the matrix (Co, Cr, Ni) and Mo, while the remaining 
Mo in the microstructure (BCC phase in Figure 2b) did not react with the other elements due to the short SPS 

procedure time. Due to the concentration gradient of the elements within the microstructure, the HCP phase 

appears as resulting reaction during slow cooling from SPS at 600 °C, forming small precipitates mainly on the 
boundaries between the matrix and the μ-phase, as it is evidenced in Figure 2c.  
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Figure 2 Micrographs of CoCrNi-Mo SPSed bulk: a) Electron backscattered detector - FCC, BCC and μ-

phase identified by the arrow; b) Secondary electrons - BCC and μ-phase marked; c) Secondary electrons - 

HCP precipitates are indicated; d) Secondary electrons - twins on the FCC matrix. 

 

Figure 3 CALPHAD calculation of CoCrNi-Mo using TTNI7 v7.4 database from ThermoCalc software 

Using nanoindentation hardness, it was possible to verify the average hardness level of each phase separately 

- except for the small HCP precipitates, due to its very limited area, below the detection threshold of the 

nanoindentation’s measurement. By means of Vickers microhardness, it was possible to obtain the average 

value of hardness of the composite as a whole, since the indentation area is considerably larger. The average 
hardness values are presented in Table 2.  
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Table 2 Nanoindentation hardness of CoCrNi-Mo performed on each phase and average microhardness. 

Nanoindentation hardness  HIT (MPa) EIT (GPa) 

Matrix CoCrNi 6373.1 ± 135 239 ± 3 

Reinforcement Mo 6535 ± 50 293 ± 4 

μ-phase (Interface) 11911 ± 442 1126 ± 42 

Microhardness     

CoCrNi-Mo Composite 531 ± 14 [HV0.3]   

Matrix CoCrNi 323 ± 11 [HV0.1]   

The average hardness of the SPSed material is 531 ± 14 HV0.3 and the matrix possesses hardness of 323 ± 

11 HV0.1. The reinforcements’ hardness was not possible to be measured due to its too small area. According 

to the nanoindentation measurements, the hardness of the matrix CoCrNi is about 6373.1 ± 135 MPa with 

calculated elastic modulus of 239 ± 3 GPa. On the other hand, the BCC Mo-reinforcement possesses 

(6535 ± 50) MPa of hardness, comprising an elastic modulus of 293 ± 4 GPa. The μ-phase, though, comprises 

a much higher hardness level, possessing 11911 ± 442 MPa and elastic modulus of (1126 ± 42 GPa. The μ-

phase can be expected to improve the strength of the alloys due to its extremely high hardness [15] and 

possesses intrinsic brittleness [16].  

4. CONCLUSION 

In this paper, a metal matrix composite consisting of CoCrNi-Mo was prepared by powder metallurgy. The 

major conclusions of the work are drawn as follows: 

• Metal Matrix Composites may be prepared by the combination of mechanical alloying and spark plasma 

sintering. 

• It was possible to create a full-density composite bulk with the selected SPS parameters. 

• The reinforcement reacted with the matrix, forming phases on the interfaces‘ boundaries. 

• With the addition of Mo, the hardness of the material increases 66 % as compared to the pure CoCrNi 

prepared by PM (originally 309HV0.3) due to the formation of a multiple phase microstructure consisting 

of FCC, BCC, μ-phase and small HCP precipitates in comparison with a single FCC phase for pure 

CoCrNi. 
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Abstract  

Computed Tomography (CT) as a known medical research method is nowadays widely used in research 

institutions and production companies. Due to its nondestructive testing nature, CT finds application in both 

final product quality control such as castings or CNC machined parts and research of new materials, e.g. 

ceramics, composites etc. In aviation industry, one of the main factors in investment casting, crucial to quality 

of final product are properties and condition of ceramic moulds. Inspection is possible only after filling mould 

with molten alloy and breaking it after metal solidification. The purpose of article is to examine application of 

computed tomography in ceramic casting moulds quality control and investigation of certain ceramic pulp 

components effects on mold porosity and voids characteristics. Specimens in shapes of casting moulds were 

prepared. Samples were produced using quartz, molochite and various binders. They were examined with 

micro CT tomography. Test results were presented as high quality 3D models and 2D CT slices of specimens 

and percentage porosity. As a comparative method of obtaining porosity data, mercury porosimetry tests were 

carried out. 

Keywords: Porosity, ceramic mould, computed tomography 

1. INTRODUCTION 

MicroCT scanners, the widest group of CT devices used in research of products quality and materials analysis 

originate form their medical related X-ray CT equipment form from the mid-70s. From the 90s until mid-2000s, 

CT appearing in industry were used mostly to visualizing defects and interior of the products due to the lack of 

precision, comparable with conventional instruments for geometric measurements [1, 2]. In recent years 

besides improving the accuracy of measuring devices, the number of tests and analysis of ceramic materials 

pores and voids are taking place across the world. A wide group of CT tests of ceramics are those dedicated 

to concrete and asphalt, consisting, like the lost-wax casting molds, mostly ceramic fillers and binders. Jarjen’s 

team [3] analyzed the effect of distribution and shape of voids inside road asphalt on absorption and 

evaporation of water in time. Lu’s team [4] introduced i.a. method of separation on tomographic images porosity 

of cement mass binder and porous aggregate used as a filler. Schock’s team [5] performed tests of the 

inspection capabilities of the CT device with two radiation sources to visualize complicated void systems inside 

construction concrete samples. In order to increase the usability of CT devices in geometrical measurements 

of pores and voids, Hermanek and Carmignato [6] also proposed a special calibrating object and demonstrated 

the effect of X-ray parameters on the accuracy and repeatability of measurements. Haratym and Biercanki [7, 

8] provided multidimensional studies of the physical properties of ceramic molds, including estimating the 

porosity of a mold fragment based on the ratio of pores pixels to the total number of pixels in the selected 

cross-section image. In contrast, Matysiak's team [9] determined the percentage porosity on the cross-section 

images by separating the ceramic pulp slice on the image and calculating the parameter only for it. The 

literature analysis shows that knowledge about the distribution of the porosity of layered ceramic molds and 

the impact of a number of materials on its morphology is little developed, which contributed to the creation of 

this article. The purpose of the research is to analyze the impact of various ceramic materials intended for the 
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production of multi-layer molds on their porosity and pore distribution. For the porosity studies, a micro-CT 

device v|tome|x L 450 device was used, whereas for comparative purposes mercury porosimetry tests were 

carried out using the Poremaster 60 device. 

2. METHODOLOGY 

The subject of the research (Figure 1) were three identical seven-layer lost-wax casting ceramic moulds 

referred later in the publication as Form 1, Form 2 and Form 3 with five details in the shape of air blades. Each 

of the samples was made on the basis of a different mix of ceramic materials: two types of sand fillers and 
water or alcohol binders (Table 1). 

a) 

 

b) 

 

Figure 1 Research material: a) wax model used to produce test moulds, b) sample ceramic mould 

Table 1 Ceramic mould samples components 

Sample Layer Binder Filler 

Form 1 

1 Hydrolyzed ethyl silicate (viscousness ok. 32 s) Quartz sand 0.1-0.3 mm 

2 Hydrolyzed ethyl silicate + quartz powder (viscousness ok. 20 s) Quartz sand 0.1-0.3 mm 

3 Ludox PX 30 + quartz powder (viscousness ok. 24 s) Quartz sand 0.5-1 mm 

4-7 Ludox PX 30 and hydrolyzed ethyl silicate (alternately) Quartz sand 0.5-1 mm 

Form 2 

1 Ludox PX 30 + molochite powder (viscousness ok. 24 s) 
Molochite sand 0.1-0.3 

mm 

2 
Hydrolyzed ethyl silicate + molochite powder (viscousness ok. 24 

s) 
Molochite sand 0.1-0.3 

mm 

3 Ludox PX 30 + molochite powder (viscousness ok. 24 s) Molochite sand 0.5-1 mm 

4-7 Ludox PX 30 and hydrolyzed ethyl silicate (alternately) Molochite sand 0.5-1 mm 

Form 3 

1 Remasol Plus + quartz powder (viscousness ok. 30 s) Quartz sand 0.1-0.3 mm 

2 Remasol Plus + quartz powder (viscousness ok. 24 s) Quartz sand 0.1-0.3 mm 

3-7 Remasol Premium + quartz powder (viscousness ok. 24 s) Quartz sand 0.5-1 mm 

Each form was subjected to various porosity tests. Micro CT v | tome | L L 450 was used for the research, 

which through a series of x-rays of examined object provided cross-sectional tomographic images and after 

reconstruction in dedicated VGStudio software also spatial models of samples. Analysis of tomographic cross-

sectional images located with help of spatial CT models via VGStudio and myVGL software were carried out. 

ImageJ software was used to binarization, thresholding and separation of porosity from the ceramic mass in 

cross-sectional images. Estimation of the percentage porosity of the samples were made, comparing the ratio 

of pore pixels to the sum of the remaining pixels of the cross-sectional images. Mercury porosimetry tests 

involving the mercury injection inside the sample and the measurement of pressure related to this process, for 

comparison purposes, were made with the Poremaster 60 device on a single random choosed fragment of a 

mould detail of each sample containing the material of the first and further construction layers. Tests 

multidimensional pore data in form of graphs and tables. 
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3. RESULTS 

The longitudinal cross-sections of the moulds shown in Figure 2 present the potential effect of the detail 

geometry - the jet engine blade, on the distribution of porosity. The presence of large voids and the 

concentration of pores in the first construction layers of the transition from the blade root to the turbine blade 

is noticeable. In the case of Form 2, this characteristic is present in 8 out of 10 cases, while in Form 3 6 out of 

10. Form 3 has the least of them due to its visually most compact structure of the ceramic mass.  

The characteristic feature of the sample was the rare occurrence of large voids, not concentrated in  

a specific part of detail sections, and the noticeable layering of the mould wall (darker shade of gray) with  

a locally layered porosity of very small diameter, undetectable when determining the percentage porosity 

parameter by CT. No significant impact of the difference in the ceramic mass components of individual 

construction layers on the distribution of porosity was found. Form 2 was characterized by the occurrence  

of voids chains between the last structural layers, especially the last one. Apart from randomly occurring voids 

in the first layers and, similarly to Form 3, visible lamination of the mold wall, it can be concluded that the 

mixture of the last structural layers favors the concentration of porosity between the layers. Form 1 had 

characteristic local chains of porosity of large dimensions in the middle part of the mould wall. It is not possible 

to correlate such distribution of pores with the differences in the ceramic mixture on subsequent construction 

layers, however, it can be stated that the first structural layers accumulate a significant part of large, irregular 

voids. 

a) b) c) Detail 
number 

   

5 

4 

3 

2 

1 

 

Figure 2 Longitudinal cross-section of moulds details: a) Form 1, b) Form 2, c) Form 3 

The cross-sections of the details shown in Figure 3 reveal the effect of the deflection of the blade and confirm 

the analysis of the effect of the geometry of the detail and the materials contained in individual layers of the 

ceramic wall for the distribution of porosity. All three samples were characterized by the occurrence  
of large size voids and the concentration of porosity between first construction layers in sharp bends of the 

walls of the mould near blade root (cross-section 1) and the arc of the blade itself (cross-section 2). 

Characteristic features revealed in cross-sections were the frequent occurrence of large voids at the border of 

the first layer and further construction layer in cross-section 1 at the level of blade root platform of Form 2 and 

linearly concentrated large voids in the same cross-section of Form 3. Both of these defects can be linked to 
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the geometry of the wax model, influencing the way of ceramic pulp application to the mentioned critical places 

during the moulds making. 

 Detail number Cross-section 

 1 2 3 4 5 

a) 1 

 2 

b) 1 

 2 

c) 1 

 2 

Figure 3 Transversal cross-section of moulds details: a) Form 1, b) Form 2, c) Form 3 

Mercury porosimetric differential and summation diagrams (Figures 4a and 4b) show the existence of three 

ranges of pore diameters, slightly differing form each other depending on the ceramic pulp mixture. The main 

populations were pores with a diameter between 0.5-3 μm and 50-70 μm. Based on CT images, it can be 

concluded that these are the pores of the first layer and a part of the pores of the further construction layers, 

where the pores larger than 10 μm occurring in the first layer are treated as evident form defects.  

The second range of pores with a diameter of approx. 100 μm to approx. 500 μm is irregularly occurring large 

voids that may have negative effect on durability and the thermal properties of the mould. The third pore 

diameter range, below approx. 0.5 μm, is not detectable by CT. However, it can be presumed that these pores 
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are located in a ceramic binder and a first mould layer. This porosity range is the main reason for the 
differences in percentage porosity of samples (Figure 4d) and their surface area (Figure 4c) - especially for 

Form 2. Its low pore diameter compared to other samples results from the large surface area associated with 

the occurrence of large amounts of porosity with diameters not exceeding 1 μm. It should be emphasized that 

the mercury porosimetry tests has not global character like CT, while the methodology of estimating the 

percentage porosity, i.e. the binarization and thresholding process, as well as the separation of the 

tomographic device itself, contributed to the underestimation of the parameter. For this reason, the order of 

the parameter size is as follows: Form 1 <Form 2 <Form 3, and this is confirmed by the results presented on 

mercury porosimetry graphs. In the case of the mercury porosimetry test of the Form 3 sample, it has  

a higher porosity than Form 2 due to the visible peak on the pore diameter range of 0.7-1.3 μm and the peak 

shift in the diameter range of 1-12 μm towards the larger pore diameters. The material of the Form 2 sample, 

despite the largest number of pores with a diameter of up to 1 μm and in the range of 5 - 10 μm, has  

a porosity slightly more than 2% smaller. The Form 1 differential curve shows the lowest volume values for 

most pore diameters compared to the remaining samples. Only the fraction of the largest pores is high in this 

sample, which affects moulds porosity at the level of 10.82 %. 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 4 Porosity characteristics: a) mercury porosimetry differential curve, b) mercury porosimetry 

summation curve, c) mode pore diameter and surface area, d) percentage porosity calculated by mercury 

porosimetry and CT method 

4. CONCLUSION 

The publication presents studies on the influence of diversified composition of materials used in lost-wax 

ceramic casting moulds production on their porosity. The influence of components of the ceramic pulp and its 

application on subsequent mould layers on the characteristics of porosity, including its percentage ratio to the 

ceramic mass, was determined. The relationship between numerical porosity data, determined by specialized 

research methods and the estimated size of the porosity of the samples were presented. Tests were not shown 
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any effect of the location of the detail on the infusion system on the specific distribution of porosity and the 

influence of significant differences in the porosity between the layers of different viscosity. Based on the results, 

it can be concluded that the geometry and the type of material affect the distribution and the amount of pores 

in a way that it may potentially diversified gas-permeability, strength of the structure, as well as the removal of 

heat from the mould. Due to the large number of individual pores occurring in a very small volume, the analysis 

of CT visual data is only possible in the case of cross-sectional images and is a good way to test ceramics in 

terms of overall quality.  
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Abstract 

This paper presents the results of research on the possibilities of producing and using Cu / Al2O3 composite 

material fabricated by powder metallurgy. The starting materials for obtaining the composites were commercial 

powders: Cu and Al2O3. The quality of the combination of aluminum oxide with the matrix and the influence of 

aluminum oxide particles on sinter properties were also evaluated. Alumina was introduced into a copper 

matrix in the amount of 2.5 %, 5 %, 7.5 % and 10 % by weight. Before the sintering process, single pressing 

was performed with a hydraulic press at a compaction pressure of 620 MPa. The sintering process was carried 

out for 60 minutes at a temperature of 900 °C. The obtained sinters were subjected to the compaction process 

at a pressure of 620 MPa, and then again sintered at 900 °C for 60 minutes. The sintered compacts were 

subjected to the following tests: measurement of density, hardness, electrical conductivity and abrasion 

resistance. Observations of the microstructure on metallographic specimens made from the sintered samples 

were also performed using a scanning electron microscope (SEM). The process of compaction of the 

fabricated composite caused an increase in the hardness, density, electrical conductivity and abrasion 

resistance in comparison to a composite subjected to only the pressing and sintering process. Both the density 

and electrical conductivity decreased with the increase of Al2O3 content in composites after sintering and after 

the compaction process. 

Keywords: Metal composite, sintering, alumina, copper, powder metallurgy 

1. INTRODUCTION 

Composites are a very large and diverse group of construction materials. Among metal composite materials, 

composites reinforced with ceramic particles deserve special attention. Recently, research has been focused 

on developing novel composites with a metal matrix reinforced with ceramic particles that show high hardness 

and good electrical conductivity [1-3]. The literature review shows [4-8] that in recent years sinter-copper-

matrix composites in which Al2O3 and SiO2 were commonly used as reinforcing particles. Other metal oxides 

such as ZrO2, Y2O3, Cr2O3 and Er2O3 work perfectly as the reinforcing particles [9-11]. 

Copper alloys are widely used for electrical and electronic components such as switches in low-voltage 
devices, aircraft relays, motor starters and circuit breakers, resistance welding electrodes and also structural 

elements in reactor technology [12]. They are also used in many other industries, including the automotive 

industry and hydraulics. It is a well-known fact that introduction of even a small amount of additives lead to  

a considerable decrease in electrical conductivity of copper. In order to increase the strength of copper without 

significantly losing its electrical properties, composites based on the effect of particle curing are produced. The 

introduction of second phase dispersive particles not only increases the mechanical properties, but also allows 

the use of these composites for operation at elevated temperatures. The introduction of ceramic particles into 

the matrix increases also the hardness and wear-resistance [13]. 

In this work an attempt was made to make a Cu-based composite with the participation of Al2O3 particles by 

powder metallurgy involving mechanical mixing of combined materials, cold compaction, and then heat 

consolidation and examination of their microstructure and properties. 
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2. MATERIALS AND METHODS 

The materials used in the experiment to fabricate the composites were commercial powders. Copper powder 

(99.5 % Cu) with an average particle size of less than 63 μm was used as the matrix while alumina (98.5 % 

Al2O3), with an average particle size of less than 45 μm was used as the reinforcement. The shapes and 
arrangements of the powder particles used in the experiments are shown in Figure 1. 

a)  b)  

Figure 1 Images of the tested powders: a) electrolytic copper powder, b) alumina powder 

Powder mixtures with the following content of Al2O3 - 2.5 %, 5 %, 7.5 % and 10 % by weight were prepared 

for the tests. Finished powdered mixtures were subjected to single-track pressing on a hydraulic press at  

a pressure of 620 MPa. The tests were conducted on cylindrical specimens with dimensions of Φ20x10 mm. 

The first batch of samples was subjected to a sintering process in a sillit tubular furnace at 900 °C in the 

dissociated ammonia atmosphere. The sintering time was 60 minutes. The samples were cooled in the 

furnace. The second batch of samples was made using the same parameters as before, however, after the 

sintering process, the samples were subjected to compaction and re-sintering. The fabricated composites were 

measured for density, hardness, electrical conductivity and abrasion resistance tests. Density measurement 

was carried out with the air and water weighing method using a WPA 120 hydrostatic scales in accordance 

with the PN-EN ISO 2738:2001 standard. The hardness of the obtained composites was measured using the 

Brinell method (with a steel ball 5 mm in diameter at a load of 250 kg) according to PN-EN ISO 6506-1:2014 

standard. Next, microstructure investigations on the metallographic specimens were carried out using the 

JEOL JSM-7100F field emission scanning electron microscope fitted with OXFORD INSTRUMENTS EDS X-

Max AZtec software for elemental microanalysis. The electrical conductivity tests were carried out using the 

GE Phasec 3D device using the eddy current method. The abrasion resistance test of the produced composites 

was carried out using T-05 Tester with a roll on block configuration. The roller was made of hardened C45 

steel with a hardness of 52 HRC, while the blocks were made of Cu/Al2O3 composites. The test was carried 

out with a rotational speed of 200 rpm and a load of 196.2 N. The friction path was set at 200 m. The samples 

were weighed before and after the tests to determine the loss of weight. 

3. RESULTS AND DISSCUSSION 

3.1. Microstructural characteristics 

The optimal parameters of the sintering process were selected on the basis of the authors previous findings 

and similar data available in the literature [1-3]. The microstructure of the composites obtained after the 
pressing and sintering process is shown in Figure 2, and after the pressing, sintering and compacting process 

in Figure 3.  
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a)  b)  

c)   d)  

Figure 2 Microstructures of the sintered compacts observed with a SEM obtained for a) Cu+2.5 % alumina, 

b) Cu+ 5 % alumina, c) Cu+7.5 % alumina d) Cu+10 % alumina 

a)  b)  

c)  d)  

Figure 3 Microstructures of the sintered compacts after compacting observed with a SEM obtained for  

a) Cu + 2.5 % alumina, b) Cu + 5 % alumina, c) Cu + 7.5 % alumina d) Cu + 10 % alumina 

The distribution of the reinforcing particles is uniform and the quality of bonding with the matrix is relatively 
high. Analysis of the microstructure (Figures 2 and 3) of the obtained composites showed that the Al2O3 

powder particles combine into agglomerates. Before sintering, powders should be mixed thoroughly to break 

up the agglomerates and obtain a homogeneous mixture. Uniform distribution of Al2O3 particles in the matrix 
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will result in the same properties in the entire volume of the composite. An example of the distribution of 
elements in a composite containing 10% Al2O3 is shown in Figure 4. From the mapping it is clear that the 

composite contains only copper, aluminum and oxygen. 

a)  b)  c)  

Figure 4 Distribution of elements in the micro-area of the composite containing 10% Al2O3,  

a) copper, b) aluminum, c) oxygen 

3.2. Density and hardness measurements 

The results of density and hardness measurements are presented in Tables 1 and 2. 

Table 1 Results of the density and hardness measurements after sintering 

Material Density (g/cm3) Relative density (%) HB 

Cu 7.98 ± 0.02 89.67 36.65 ± 1.5 

Cu + 2.5 % Al2O3 7.89 ± 0.03 89.95 46.87 ± 1.8 

Cu + 5 % Al2O3 7.54 ± 0.01 87.28 40.23 ± 1.3 

Cu + 7.5 % Al2O3 7.40 ± 0.02 86.88 37.63 ± 1.7 

Cu + 10 % Al2O3 7.36 ± 0.04 87.68 34.36 ± 1.8 

Table 2 Results of density and hardness measurements after compacting 

Material Density (g/cm3) Relative density (%) HB 

Cu 8.19 ± 0.03 92.01 36.72 ± 1.4 

Cu + 2.5 % Al2O3 8.00 ± 0.04 91.22 47.55 ± 1.8 

Cu + 5 % Al2O3 7.68 ± 0.03 88.78 50.76 ± 1.6 

Cu + 7.5 % Al2O3 7.52 ± 0.02 88.21 54.29 ± 1.3 

Cu + 10 % Al2O3 7.48 ± 0.02 89.12 58.17 ± 1.4 

The examination showed that the compaction process following the initial sintering increased the properties of 
Cu /Al2O3 composites. Analyzing the results of tests of composites after pressing and sintering (Table 1) and 

subjected to the compacting process (Table 2), it can be concluded that the compacting process causes a 

slight increase in the density of composites and a significant increase in hardness compared to only pre-

sintered composites. The hardness of pre-sintered composites decreases with the increase of Al2O3 content, 

which may be caused by the significant porosity of the composites. As a result of the compaction process, the 

pores inside the material are closed, which confirms the increase in density of composites after the compaction 

process in relation to pre-sintered composites. The highest density of material was obtained for a composite 

made from pure copper after the compaction process which amounted 8.19 g/cm3. Addition 2.5 % of alumina 
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caused decrease in density to 8 g/cm3. The highest hardness was obtained for the composite containing 10% 

Al2O3 after the compaction process which amounted to 58 HB (70% higher than the pre-sintered composite). 

Similar results were received by Lee et al. [4]. 

3.3. Electrical conductivity tests 

The results of electrical conductivity measurements are presented in Table 3. 

Table 3 The results of the electrical conductivity measurements  

Material 
Electrical conductivity (MS/m) 

Sintered Compacted 

Cu 50.39 ± 1.63 50.80 ± 0.34 

Cu + 2.5 % Al2O3 45.05 ± 0.44 47.26 ± 1.13 

Cu + 5 % Al2O3 34.90 ± 1.01 39.73 ± 1.05 

Cu + 7.5 % Al2O3 29.41 ± 1.04 34.34 ± 0.54 

Cu + 10 % Al2O3 24.83 ± 1.25 30.86 ± 0.40 

The electrical conductivity of the tested composites decreases with increasing content of Al2O3. The same 

phenomenon was also noticed by other researchers [1, 2, 4, 9].  As a result of the compaction process, the 

value of the electrical conductivity of composites is increased in comparison to pre-sintered composites 
(Table 3). The increase in electrical conductivity of composites after compacting process is caused by higher 

density and lower porosity.  

3.4. Wear characterization  

The results of the abrasion resistance test are shown in Figure 5.  

 

Figure 5 Weight loss of composites depending on the content of Al2O3 

Tribological tests indicate that the compaction process of composites caused a slight increase in abrasion 
resistance (Figure 5). Al2O3 particles in both sintered and compacted composites reduce abrasion-wear of the 

material. Increase in wear resistance with growing content of alumina has also been observed by Shi et al. [5]. 
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4. CONCLUSION 

The analysis of the microstructure of the composites showed that the Al2O3 powder particles combine into 

agglomerates. Before sintering, powders should be mixed thoroughly to break up the agglomerates and obtain 

a homogeneous mixture. The sintering parameters were chosen correctly based on our previous own research 

and compared with the results available in the literature. The microstructural examinations showed that there 

were no discontinuities at the interface between the matrix and the ceramic particles. A very good bonding of 

Al2O3 particles with the copper matrix was obtained, without voids, only the pores occurring in sintered metals 

were visible on the micrographs. Aluminum oxide particles were clearly visible in the form of irregular 

precipitates. The composites fabricated by pressing, sintering and compacting were characterized by 

properties superior to those of the materials obtained using pressing and sintering. The compaction process 

caused an increase in density, hardness, electrical conductivity and abrasion-resistance of composites 

containing Al2O3 particles. 
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Abstract  

This study reports an alternative route for obtaining crystalline metal boride composite powders at low 

temperatures using various chemical reactions. The ternary system of Co-Ni-B was studied by using 

anhydrous metal chlorides and sodium borohydride powder mixtures. The reactions were carried out in a 

sealed reactor under autogenic pressure, placed in a chamber furnace. The unwanted chloride phases were 

removed by hot water leaching after reaction. Some of the purified powders were annealed at 1100 °C to 

improve the crystallinity. Effects of different reaction conditions on the formation and microstructure of the final 

powders were investigated. Phase, chemical and microstructural characterizations and particle size 

measurements of the synthesized and annealed powders were conducted using X-ray diffractometer (XRD), 

X-ray fluorescence spectrometer (XRF), scanning electron microscope (SEM/EDX) and dynamic light 

scattering technique. The results revealed the positive effect of inorganic molten salt mixture (LiCl/KCl eutectic 

mixture) on the formed phases during the reaction between CoCl2, NiCl2 and NaBH4 powder blends. After their 

reaction at 750°C in a sealed reactor under autogenic pressure, crystalline cobalt-nickel-boron based 

composite powders were achieved with an average particle size of 60 nm.  

Keywords: Cobalt, nickel, boride, low temperature synthesis, microstructural characterization 

1. INTRODUCTION 

Cobalt-nickel-boron based metal borides are technologically highly valuable boron-based materials with a high 

application potential in wide range of multi-functional areas due to their magnetic and catalytic properties. 

Cobalt boride (CoB, Co2B) has been in the center of attention recently due to its high melting point, good 

chemical stability, hardness and corrosion resistance. Cobalt boride synthesized via different methods, has 

been investigated in literature and its electrochemical, anti-corrosion, biocompatibility, catalytic and magnetic 

properties have shown promising results [1,2]. In comparison to their binary phases, cobalt-based borides 

synthesized by adding of the elements such as Ni, Fe and Ti have presented better and improved properties 

[3-6]. Some of the most important and investigated areas for Co-Ni-B applications include its role as catalyzer 

in hydrogen storage and fuel cell technology, as an additive for grain reducing material, as improving agent for 

abrasion resisting coatings and as magnets [3,7]. The catalytic effect of Co-B compounds was discovered 

during investigations of effective catalyst for the hydrolysis reaction of NaBH4 solutions. In these studies, it was 

observed that cobalt borides (CoB, Co2.0-3.3B, Co3B) and Co-B alloys in different stoichiometry significantly 

improved the hydrogenation rate of the NaBH4 hydrolysis reaction [8, 9]. It has been reported that the catalytic 

effect of Co3B is quite high compared to Ni3B in the studies reported the hydrolysis kinetics of NaBH4 [9]. In a 

later study, it has been observed that the metal deposition process on metal boride compounds or alloys has 

significantly increased its catalytic performance [10]. Furthermore, magnetic Co-Ni-B nanoparticles obtained 

via various methods, having large surface areas and low particle size, appear to be suitable candidates for 

use as electromagnetic wave absorbing material [3]. The new stable compounds obtained by the incorporation 
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of Co-Ni-B nanoparticles into MgB2 had a significant effect on superconducting properties of MgB2 [11]. 

Furthermore, studies on significant improvements in the mechanical properties (elastic modulus, fracture 

toughness, etc.) of some cobalt boron coated or doped alloys are available [7,12]. Various production 

techniques have been employed to synthesize crystalline cobalt boride-nickel boride based powders: This 

studies mostly included the high-temperature reactions between the elemental powders of Co, Ni and B. On 

the other hand, low-temperature routes have come into prominence due to the importance of preparing these 

powders at submicron or Nano-sized scales. Some studies reported the wet or solution techniques at low 

temperatures; however, the powders were obtained as amorphous phase [13,14]. Thus, this study will 

contribute to the literature by means of preparation of nanocrystalline cobalt-nickel-boron based composite 

powders with the utilized inorganic molten salt reaction technique at low temperatures.   

2. EXPERIMENTAL PROCEDURE 

The anhydrous CoCl2 (Alfa Aesar, 99.7 % purity) and NiCl2 (Alfa Aesar, 99 % purity) powders as the metal 

chlorides and sodium borohydride (NaBH4, Alfa Aesar, 98 % purity) as the boron source were used in the 

experiments. The amounts were weighed in regard of the theoretical reaction between the precursors by using 

50 wt.% excess amount of NaBH4 resulting in CoNiBx(s), NaCl(s) and H2(g) reaction products. The reaction was 

carried out in an inorganic molten salt medium. To carry out the reaction in liquid phase, the LiCl/KCl eutectic 

mixture (45:55 wt.%) was used as an inexpensive, water-soluble and low-melting-point inorganic salt solvent. 

The powder mixtures were prepared under Ar atmosphere in a MBraun glove box. To obtain a homogenous 

mixture they were introduced to a short-time ball mill process, which was carried out for 3 min using a Retch 

PM100 planetary ball mill with a rate of 600 rpm and a ball to powder ratio of 1:4. For a comparison, a powder 

mixture without the eutectic phase was also prepared to observe the formed phases between the precursor 

materials. The mixtures were then introduced into a 316-L stainless steel tube and sealed via Ar welding. All 

the reactions were carried out in a sealed tube under autogenic pressure, placed in a Protherm chamber 

furnace. The powders were heated to 550 °C, which followed a hold period of 2 h and then heated up to 750 

and 850 °C and kept at that temperature for duration of 2 h. The as-synthesized powders were leached with 

hot distilled water using an ultrasonic bath for 15 min, for the elimination of NaCl by-product. The leached 

solution was then introduced to a Sigma centrifuge device for precipitation of the powders at 3500 rpm for a 

duration of 15 min. The obtained solution was dumped, and precipitated powder was extracted and dried 

overnight under vacuum at 70 °C. Purified powders were annealed at 1100 °C for 2 h under Ar gas to observe 

the microstructural change. Phase analysis was conducted using a Rigaku Miniflex600 Series X-ray 

diffractometer (XRD) with CuKα radiation with a scan rate of 10°/min and a step size 0.02°. The International 

Center for Diffraction Data (ICDD) powder diffraction files were used to determine the crystalline phases. 

Thermal behavior of the powder mixture was investigated using a NETSZCH DSC 204 differential scanning 

calorimeter (DSC) in alumina crucible up to 600 °C at a rate of 10 °C/min under Ar atmosphere. The 

microstructures were investigated using a Zeiss Ultra Plus Field Emission Scanning Electron Microscope (FE-

SEM) coupled with an energy dispersive X-Ray spectrometer (EDX). Particle size of the final powder was 

determined using a Malvern Zetasizer dynamic light scattering (DLS). Chemical analyses of the powders were 

conducted using a Bruker S8 TIGER X-ray fluorescence spectrometer (XRF). 

3. RESULTS AND DISCUSSION  

DSC and XRD diagrams of the CoCl2-NiCl2-NaBH4 powder mixtures (mentioned as powder mixtures hereafter) 
are illustrated in Figures 1a and 1b, respectively. DSC scan of the powder mixtures (Figure 1a) was obtained 

after heating it up to 600 °C in presence of LiCl/KCl eutectic phase. The exothermic peak at 354 °C is 

corresponding to the melting temperature of the eutectic mixture (Tm = ~350 °C) and proves that the molten 

salt ratio is correct. Decomposition of the NaBH4 was observed in the endothermic peak at an approximate 

temperature of 503 °C which is in agreement with the values in literature [15]. For complete decomposition of 
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NaBH4 to happen, the reaction was put on hold at the temperature of 550°C for 2h.  
Figure 1(b) illustrates the XRD pattern of the products before leach obtained from the reaction at 750°C. As 

shown in the diagram, NaCl, KCl and LiCl phases were detected. Presence of NaCl in the products indicates 

that the reaction had occurred; however, intense chloride peaks, occurring as a result of their highly crystalline 

structure, has suppressed peaks belonging to other phases present in the obtained products.   

(a) (b) 

Figure 1 (a) DSC scan of the CoCl2-NiCl2-NaBH4 powder mixtures in presence of LiCl/KCl eutectic phase 

after heating up to 600 °C and (b) XRD pattern of the powder mixtures after a reaction at 750 °C  

XRD patterns of the powder mixtures in presence of LiCl/KCl eutectic phase after reactions at 750 and 850°C 
are illustrated in Figures 2 (a) and (b), respectively. Co2B, CoB, Ni4B2.81, Ni2B, CoBx and CoNi phases were 

detected in the powder mixtures after the reactions at 750 and 850 °C. It is anticipated that anhydrous metal 

chlorides of CoCl2 and NiCl2 react in the inorganic solvent having low melting point. Using this method, the 

reaction was triggered in the liquid phase. One of the advantages of this method is that the final product can 

be obtained in the form of Nano-crystals as a result of reaction occurring at low temperatures [16]. It was 

observed that the intensity of the XRD peaks increased with an increase in the reaction temperature from 750 

to 850 °C. There are few studies in the literature reporting the synthesis of binary metal boron compounds 

such as HfB2, NbB2, and FeB as nanocrystalline particles by reacting anhydrous chloride and NaBH4 powder 
mixtures in the appropriate inorganic solvent medium [16 - 18]. Figure 3 shows the XRD pattern of the powder 

mixtures without a eutectic phase after a reaction at 850 °C. In the absence of the eutectic mixture, and as a 

result of corrosive nature of the chloride powders, stainless steel reaction tubes were severely corroded and 

Fe impurities were introduced to the reaction environment: Various intermetallic phases formed as a result of 
the reactions between Fe-Ni, Fe-Co, Fe-Ni-B etc. (Figure 3). Chemical analysis of the powder mixtures with 

and without eutectic mixture illustrates an increase in the number of elements present in the final powder as 
impurity. In case of having eutectic salt composition in the mixture, Ni, Co, Fe and Si was observed with the 

amounts of 44.11, 40.35, 2.45 and 0.61 wt.%, respectively. While not having the eutectic salt composition in 

the powder mixture yields Ni, Co, Fe, Na, Cr, Si, Al, Ca and Mn with 41.59, 37.41, 4.06, 3, 2.06, 0.43, 0.21, 

0.15 and 0.11 wt.%, respectively. This obviously illustrates the higher number of impurity elements and higher 

percentage of Fe present as impurity. 

In order to get rid of the unreacted and/or unstable phases, the powder mixtures were subjected to an 
annealing process after the reaction. Figure 4 illustrates the XRD patterns of the powder mixtures in presence 

of LiCl/KCl eutectic phase after reaction at 750 °C and annealing at 1100 °C for 2 h. It was observed that the 

unstable Ni4B2.81 phase is completely eliminated, yielding composite powders including Co2B, CoB and Ni2B 

phases. 
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Figure 2 XRD patterns of the powder mixtures in 

presence of eutectic phase after a reaction at (a) 750 

and (b) 850 °C and leaching     

Figure 3 XRD pattern of the powder mixtures 

without a eutectic phase after a reaction at 850 °C 

and leaching    

 

Figure 4 XRD pattern of the powder mixtures in presence of eutectic phase after a reaction at 750 °C, 

leaching and annealing at 1100 °C for 2 h  

SEM images of the powder mixtures after the reaction are illustrated in Figure 5a. Agglomerated particles 

have an average size distribution of almost 6-8 µm with an interwoven structure. EDX analysis was performed 

on the samples proving presence of Co and Ni at the same position in the sample which is in agreement with 
XRD pattern from Figure 2a. Very small peaks observed at low KeV values belong to B phase that possesses 

a less intense peak because of its low atomic number. Presence of trace amounts of O is related to the surface 

oxidation of the samples which occurs as a result of their Nano-sized structure which exposes a huge amount 
of surface area to the atmosphere. Figure 5b presents the DLS measurement which inhibited the 

agglomeration of the powder particles and yielded an average particle size of 60 nm. Furthermore, Figure 5c 

shows the grain growth and agglomeration in the annealed sample. The SEM images of the powder mixtures 
reacted at 850°C are illustrated in Figures 6a and b. It was observed that the agglomerates still exist; however, 

when compared with Figure 5c, a change in the morphology was observed in that agglomerate particles with 

spherical structure were observed in Figure 6b. The 100 °C change in the reaction temperature had resulted 

in particles with more spherical structures after annealing at 1100 °C for 2h. Thus, by changing the reaction 

temperature, products with different morphologies can be synthesized [16] as observed in the SEM images of 
Figures 5 and 6. Previous studies had reported very amorphous and uncertain XRD results on the final 

powders obtained while in this study, with the help of the eutectic mixture melting at around 350 °C, it is claimed 
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that the reaction was carried out in a molten environment at low temperatures and the final powders obtained 

had nanocrystalline structure [13, 14].  

      

Figure 5 SEM and DLS analyses of the powder mixtures in presence of eutectic phase (a) SEM image and 

EDX analysis and (b) DLS analysis after a reaction at 750 °C, and (c) SEM image after annealing at 1100 °C 

 

Figure 6 SEM images of the powder mixtures in presence of eutectic phase (a) after a reaction at 850 °C, 
and (b) after annealing at 1100 °C  

4. CONCLUSION 

In this study, using metal chloride powder blends, cobalt-nickel-boron composite powders were successfully 

synthesized via low temperature synthesis method. After reaction at 750 °C, the powder mixtures had Co2B, 

CoB, Ni2B, Ni4B2.81 phases present. Increasing the reaction temperature for 100 °C resulted in removal of the 

unstable phases and obtaining Ni2B, CoBx and CoNi phases. After annealing of the resulting powders of the 

reaction carried out at 750°C, Co2B-CoB-Ni2B composite powders were obtained with an average particle size 

of 60 nm. Presence of KCl/LiCl eutectic mixture resulted in the reaction taking place from liquid phase and at 

a low temperature and also prevented the impurities coming from the reaction tubes.  
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Abstract  

An important role in the investment casting process is played by the surface condition of the first coating of a 

multi-layer ceramic mould, as it directly affects the quality of the obtained cast. In industrial conditions, it is not 

possible to assess surface quality of the first ceramic mould cover without breaking it. The paper presents the 

analysis of the structure and surface roughness tests results of the first model coatings of model and production 

ceramic moulds. Ceramic moulds were made of 7 coatings. Three different ceramic mixtures were used to 

make them, differing in the used filler (molochite, quartz) or binder (Remasol aqueous binder, hydrolyzed ethyl 

silicate, Ludox water binder). Samples of industrial moulds were obtained by breaking them while model 

moulds in the form of rectangular shaped samples were made in specially designed wax dies. Model and 

production moulds were heat treated at 850 °C, 900 °C and 950 °C, and then the roughness of the first coating 

was tested using the WYKO NT9300 optical profilometer. Samples were also subjected to microscopic 

examination to determine the structure of the model layer and the cross-section of the moulds. The research 

allowed to obtain the results of the impact of materials intended for moulds and heat treatment on the quality 

of the model layer. 

Keywords: Ceramic moulds, roughness, structure, investment casting, lost-wax 

1. INTRODUCTION 

The process of investment casting with the lost wax method is used for production of high quality foundry 

products with relatively high dimensional accuracy and complex shapes [1, 2]. The investment casting process 

consists many individual processes, the most important of which are creating wax model, model set, multi-

layered ceramic mould, wax melting, heat treatment of the ceramic mould, molding liquid metal, post-casting 

mechanical treatment and final quality control. The quality of obtained castings depends on the properties of 

ceramic moulds, primarily the first model layer, which is in direct contact with the cast metal [3]. Therefore, the 

correct selection of materials for ceramic moulds, i.e. binders, fillers or auxiliary substances, is very important. 

These materials should provide adequate resistance to cracking, porosity and gas permeability [4, 5]. The 

reactions occurring at the border of form and liquid metal have a huge impact on the final quality of the product, 

which is why the goal is to obtain ceramic moulds with the best parameters. The aim of the work is to analyze 

the influence of materials for moulds and their heat treatment on the surface roughness and structure of the 

first model layer and the structure of the forms.  
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2. METHODOLOGY 

Two types of samples were prepared for tests in the form of 7-layered ceramic moulds, hereinafter referred to 

as model (M) and industrial (I). Three different ceramic mixtures were used to make them, the composition of 
which is presented in Table 1. 

Table 1 The composition of the ceramic mixtures  

Name of ceramic mixture 1 layer 2-7 layer Filling 

QUARTZ (K) 
Quartz powder (SiO2)  + 

Ludox SK-F 

Quartz powder (SiO2)  + 
Ludox PX-30/hydrolyzed 

ethyl silicate 
Quartzsand (SiO2) 

MOLOCHITE (M) 
Molochitepowder (Al2O3, 

SiO2) + Ludox SK-F 

Molochite powder (Al2O3, 
SiO2) + Ludox PX-30/ 

hydrolyzed ethyl silicate 
Molochitesand 

REMASOL (R) 
Quartz powder (SiO2)  + 
Remasol Premium Plus 

Quartz powder (SiO2)  + 
Remasol Premium 

Quartzsand (SiO2) 

Model ceramic samples were made in wax dies (Figure 1a). Samples from three different material mixtures 

(Figures 1b-d) were made on previously prepared and degreased wax dies. The samples consisted of 7 

coatings. The method of applying a particular layer consisted: pouring, scattering, scraping off excess weight 

and drying. The samples were melted in an autoclave at a temperature of approximately 130 °C. 

 

Figure 1 Wax die (a) and modelceramic samples: M (b), R (c), K (d) 

Industrial ceramic moulds (Figure 2b) were created on pre-prepared wax model set (Figure 2a) by applying 

7 coatings. As in the case of model moulds, three different ceramic mixtures, listed in Table 1, were used. 

Samples of industrial ceramic moulds (Figures 2c-e) were obtained by breaking them. 

 

Figure 2 Wax model set (a), ceramic mould (b) and industrial ceramic samples K (c), M (d), R (e) 

All samples were heat treated at 850 °C, 900 °C and 950 °C. The surface roughness of the first model layer of 

each sample was then examined using the WYKO NT9300 optical profilometer. The roughness parameters 
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such as Ra (mean roughness value), Rt (total height of profile), Rq (statistically equal to standard deviation of 

profile ordinates), Rz (sum of the highest elevation and the largest depression) were measured. The 

measurement of each sample was done five times. Samples were also subjected to microscopic examination 

to determine the structure of model layer and the cross-section of the moulds. For this purpose, the Hitachi 

SU-70 scanning electron microscope was used. 

3. RESULTS 

Surface roughness test results of the first model coating of model (M) and industrial (I)moulds for three mixtures 
(K, M, R) are shown in Figures 3-5. 

 

Figure 3 Surface roughness of the first model coat after heat treatment at 850 °C 

 

Figure 4 Surface roughness of the first model coat after heat treatment at 900 °C 
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Figure 5 Surface roughness of the first model coat after heat treatment at 950 °C  

Surface roughness parameters of model samples for all three mixes are lower compared to industrial samples, 

whereas these results are comparatively due to the applied heat treatment. K and R ceramic mixtures show 

the best quality of the first coating after heat treatment at 850 °C, whereas samples of the M mixture at  
900 °C. Figures 6-8 show SEM photos of moulds on sample cross-sections. 

 

Figure 6 Structure of moulds made of material K (a), M (b), R (c) after heat treatment at 850 °C 

 

Figure 7 Structure of moulds made of material K (a), M (b), R (c) after heat treatment at 900 °C 
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Figure 8 Structure of moulds made of material K (a), M (b), R (c) after heat treatment at 950 °C 

Figure 9 presents photos of structures of the model layer of industrial moulds. 

 

Figure 9 Structure of surface of the model layer after heat treatment at 950 °C for materials K (a, d),  

M (b, e), R (c, f) 

Due to the fact that the influence of heat treatment on the surface structure of the model and industrial moulds 

was not significant, the publication presents microscopic observations only for the model layer of the heat-

treated industrial moulds at 950 °C. Studies on the electron microscope showed a relatively large variation in 

grain size from a few to several dozen micrometers. The results of the above studies indicate that the sources 

of surface imperfections may be related to the process of applying layers, mainly the first layer to the wax 

model, in particular their leakage, drying and firing. The grain size variation is related to the grain size 

distribution of the powders used, and to some extent may also result from the formation of grain aggregates in 

the technological solution. 

4. CONCLUSION 

The following conclusions can be made on the basis of completed research: 

• The roughness parameters of the model samples are lower compared to the industrial samples, but the 
distribution of results due to the applied heat treatment is very similar. 
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• Quartz and Remasol ceramic mixtures show the best quality of the first coating after treatment at  

850 °C, whereas Molochite at 900 °C. 

• The results of microscopic observations indicate a more developed surface of SiO2 particles and their 

variation in size and shape for masses with alcohol binder. Colloidal silica masses have a more compact 

structure, SiO2 particles have a sharp-edged and irregular shape and smaller size, which probably favors 

a better coverage of the wax model surface. 

• SEM tests showed good adhesion at the interface between ceramic materials M. 
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Abstract 

Titanium alloys are materials exhibiting outstanding physical and functional properties. Metastable β titanium 

alloys are a prospective group featuring complex phase transformations which can be utilized to tailor the 

material performance. Microstructural mechanisms underlying phase transformations in this group of Ti alloys 

are not completely understood. In particular, the formation of different morphologies of ω phases is of major 

importance as the ω particles act as nucleation sites for the formation of stable α phase. In this study, we 

employ a finite element model (FEM) to account for the formation of two types of ω phase, namely, the 

ellipsoidal athermal ω phase and the lamellar stress-induced ω phase. The proposed model calculates elastic 

strain energies in β titanium containing either athermal or stress-induced ω phase and, thus, determines the 

preferential morphology of the formed ω phase in relation to the stress magnitude and direction.    

Keywords: β titanium, ω phase, FEM, phase transformation 

1. INTRODUCTION 

Titanium and its alloys, owing to their exceptional mechanical performance (e.g. specific strength and fatigue 

resistance), corrosion resistance and biocompatibility [1], have been recently attracting substantial scientific 

interest. There has also been an increased demand for these materials in the medicine, aerospace, automotive 

and chemical industries. Titanium is an allotropic metal which undergoes a phase transformation at 882°C 

from the low temperature α phase (hcp) to the high temperature β phase (bcc). This temperature can be 

influenced by additions of alloying elements and the resulting alloys and their phase composition at room 

temperature can be divided into four categories, namely α, α+β, metastable β and stable β alloys. Metastable 

β titanium alloys have attracted the attention of researchers as their microstructure and mechanical properties 

can be effectively tailored by thermo-mechanical treatment [2-5]. In these alloys, the bcc β phase is retained 

in a metastable state during quenching and further undergoes several complex phase transformations which 

involve different mechanisms [6]. Metastable ellipsoidal particles of athermal omega (ωath) phase are 

commonly formed in less-stabilized metastable β alloys during quenching [7,8]. ωath particles are finely 

distributed and their size is typically 1-2 nm [9,10]. Another type of phase in metastable β alloys is the stress-

induced lamellar ω phase [11, 12]. Moreover, alpha precipitation (αnano) can occur at elevated temperatures 

exploiting the ω particles as nucleation sites. These transformations open new possibilities of controlling the 

microstructure through optimized heat treatments and mechanical preloading. However, understanding of 

mechanisms underlying the evolution of these phases is rather incomplete.  

Finite element modeling (FEM) method is proposed in this work to evaluate conditions for the formation of 

stress-induced and athermal ω phases in metastable β titanium, i.e. to consider the effect of ω phase 

morphology on the resulting microstructure. Based on the calculations of elastic strain energies in the alloy 
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containing ω phase ellipsoids (athermal ω) or ω phase lamellae (stress-induced ω), the preferential formation 

of these phases can be assessed.  

2. β→ω PHASE TRANSFORMATION AND FEM MODEL 

Athermal and stress-induced β→ω phase transformations were investigated by numerical simulation using the 

FEM method. FEM is a well-established and commonly used technique for solving boundary condition 

problems in many fields of materials science. It is also a suitable tool to obtain elastic strain energies after 

diffusionless phase transformations in metals. The model proposed in this study was implemented in the 

Comsol Multiphysics and Matlab software packages.  

The β titanium phase crystallizes in a body-centered cubic (bcc) structure while the ω phase has a hexagonal 

(hex) structure. The displacive β→ω phase transformation can be formally described as two neighboring (111)β 

planes collapsing into their intermediate position while the adjacent (111)β planes remain unchanged. Another 
two following planes collapse again and so on (see Figure 1) [13, 14]. Owing to the symmetry of this 

transformation, a specific orientation relationship exists between the new ω lattice and the parent β phase. 

The lattice parameters of the newly formed ω phase can be geometrically expressed as [13, 14]: 

βωβω acaa 2/3;2 ==           (1) 

 

Figure 1 3D schematic view of displacive β→ω phase transformation: (a) β phase and (b) transformed ω 

phase; and 2D view of (c) β phase and (d) transformed ω phase [13] 
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The geometrically expressed ω phase lattice parameters deduced from the β phase do not perfectly match 

the experimental values. This occurs due to the lattice distortion as a result of atomic shift during phase 

transformation. In the FEM model, this effect can be accounted for by using non-zero initial strains in the ω 
phase, which were calculated to be εxx = -0.0109 and εyy = εzz = 0.0046. Lattice parameters of the β phase (aβ 

= 0.328 nm) and the athermal ω phase (aω = 0.467 nm, cω = 0.281 nm) were obtained from the literature [15]. 

Main directions in the model coincide with the lattice axes of the ω phase (cω || x and aω || y). It should be 

mentioned that FEM model used in this work does not account for plastic deformation. For the sake of 

simplicity, the proposed model considers only one crystallographic variant of the ω phase, while four equivalent 

variants exists due the symmetry of bcc β phase.  

 

Figure 2 Cross section of the modelled area showing the von Mises stresses in β titanium containing (left) 

athermal ellipsoidal ω phase and (right) stress-induced lamellar ω phase 

In order to obtain elastic strain fields, the knowledge of elastic constants, Cijkl, of both phases is required. The 

constants used in the model were taken from the literature [16,17]. Two model geometries were implemented. 

In the first model, ellipsoidal athermal ω phase (as observed experimentally in quenched β titanium [18,19]) 

was considered while the second one assumed ω lamellae, which represent the stress-induced ω phase 
[20,21]. The modelled region had the dimensions of 10×10×10 nm3 (Figure 2) and 5 vol.% of the β phase 

underwent the β→ω phase transformation in both cases. The length of principal axes of the ellipsoid (prolate 
spheroid) was a = b = 3.455 nm and c = 8 nm; and the width of the lamella was 0.5 nm. Periodic boundary 

conditions were used for all directions of the modelled region. This criterion ensures the particles are 

periodically arranged in an infinite β phase. 

3. MODEL RESULTS AND DISCUSSION 

According to the simulation results, the direction of applied load significantly affects the strain energies in both 
cases, i.e. in the presence of the ω phase ellipsoidal particles and the ω phase lamellae (Figure 3). The red 

hexagon-based prism represents the lattice of the ω phase and the blue cube represents properly oriented β 

lattice with respect to the ω phase. Significant variation in the elastic energies can be explained by the 
anisotropic properties of the two phases and their relative misorientation. Figure 3 shows the elastic energy 

as a function of applied stress in 3 different directions, [100]β, [11-20]ω and [0001]ω. The schematic illustrations 
on both sides of Figure 3 demonstrate the directions of the applied stress for each curve representing lamellar 

(red curves, left side illustrations) and ellipsoidal (black curve, right side illustrations) ω phase. The transparent 

red lamellae (left) and ellipsoids (right) indicate the ω phase orientation. At zero external stress, the elastic 
strain energy is slightly lower in β titanium with ω lamellae (ΔEe0 = Eellips-Elam = 0.84 eV). On the other hand, it 
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was shown experimentally that lamella-shaped ω phase can be formed only under external load [20, 21]. In 

order to find correlations between calculated elastic energies and preferential formation of different types of ω 
phase, the total energy, i.e. the sum of elastic and surface energy (E=Ee+Es), need to be considered. The 

surface energy Es between the two phases, β and ω, is proportional to the interface surface, S: Es = S·es, 

where es is the surface energy density.  

 

The interface surface area of lamellar ω phase (Slam) is larger than the surface area of ellipsoidal ω particle 

(Sel). The surface area difference is ΔS = Slam-Sel = 200-72.87 = ~127 nm2, resulting in increased total elastic 

energy in the laminate. Studies of surface energy at the β/ω interface are missing in the literature. However, 

some experimental and theoretical results concerning the average surface energy [22] and the stacking fault 
energies [22, 23] of titanium were reported. It is assumed that the stacking fault energy density, eSFE, which 

varies between 24-300 mJ/m2 (~0.15-1.87 eV/nm2), is of the same order as the β/ω interface energy density. 

According to this assumption, the difference in the surface energies of ω particles found is this study will be 
ΔEs = ΔS·eSFE = ~19-240 eV. Therefore, the formation of ω lamellae can be favored in a wide range of external 

stress values when surface energies are taken into account. As the elastic energy difference in the initial 
unloaded state (ΔEe0 = ~1 eV) is lower than the lowest possible value of ΔEs, the ellipsoidal phase particles 

will be energetically more advantageous. Due to the absence of surface energy studies of the ω phase in the 

literature, the exact stress levels at which the lamellae will form instead of the ellipsoidal particles cannot be 

assessed. On the other hand, if the elastic strain energy difference between the two modifications of the ω 
phase, ΔEe, is investigated (see Figure 4), the conditions, at which either lamellar or ellipsoidal omega particles 

are more likely to form, may be estimated. 

The difference in the elastic energies, ΔEe=Eellips-Elam, changes with varying external load. The larger the value 

of ΔE, the higher the chance of formation of lamellae instead of ellipsoidal particles. In Figures 4a-c, the 

applied load in three different planes, XZ, YZ and XZ (marked in yellow) was simulated at different angles φ 

with respect to one of the axes. Due to the common mirror symmetries around the examined angle, the φ 

ranges were 0-90° (XY plane) or 0-180° (YZ and XZ planes). 

The load direction in the XY and XZ planes has a significant effect on the evolution of ΔEe. It was found out 

that the angle around φxz = 70° (i.e. the direction between [100]β and [11-20]ω) in the XZ plane (Figures 4c 

Figure 3 Elastic deformation energy in the β phase containing ellipsoidal (black) and lamella-shaped (red) ω 

phase as a function of applied stress in three different directions. Side illustrations show the orientation of 

phases and the direction of applied load 

(MPa) 
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and d) might be the most favorable for the formation of lamellar structure among all simulated directions. By 

changing the load direction from 70° in the XZ plane, ΔEe rapidly decreases and reaches a minimum around 

135°, which suggests that the formation of ω lamellae might be suppressed. In the XY plane (Figure 4a), the 

ΔE as a function of loading direction exhibits monotonic behavior. The largest positive ΔEe values are obtained 

in the direction of φxy = 0° ([10-10]ω or [110]β), then the difference of surface energies gradually decreases and 
the smallest value is observed for φxy = 90°, i.e. in the [0001]ω direction. In the YZ plane (Figure 4b), which is 

equivalent to the basal plane of the ω phase, no such a strong difference was observed in different load 
directions as all ΔE curves were similar. This is most likely caused by a constant initial strain (εyy = εzz) in this 

plane. The obtained results suggest that the most favorable orientation for the formation of lamellar ω phase 

is when the crystal is loaded along the basal plane of the ω phase. Another interesting result is that in 
compression slightly higher ΔE values are evidenced at the same applied compression/tension load levels. 

Therefore, there is a higher chance for the formation of lamellae for all investigated load directions in 

compression when compared with simulation results in tension.   

 
Figure 4 Difference in the elastic energy, ΔEe = Eellips-Elam, as a function of external load in the direction from 

a) y to x axis b) x to z axis and c) y to z axis. Graph d) shows ΔEe under uniaxial compression and tension in 

different directions, φxz 

More accurate predictions of preferential formation of the ω phase ellipsoids or lamellae would be possible if 

more precise values of surface energies were estimated. Inclusion of surface energies and comparison of the 

results with experimental data are challenges for the future work.  
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4. CONCLUSIONS 

In this work, the β→ω transformation was investigated in β titanium by FEM numerical modeling. The aim of 

the study was to find relations between the evolution of elastic strain energies of lamellar (stress-induced) and 

ellipsoidal (athermal) ω particles and the conditions for their formation. The following main conclusions can be 

drawn: 

• Calculated elastic strain energies in β titanium can help to predict preferential formation of the ω phase 

in the form of lamellae or ellipsoidal particles. 

• According to the model results, the direction of applied external load is an important factor in the 

prediction of which modification of the ω phase is more likely to form. The most favorable orientation for 

the formation of ω lamellae is when the load is applied along the basal plane of the ω phase. 

• The calculation of elastic strain energies is not sufficient to predict exact stress values at which the 
preferential formation of either ω phase modification will occur. For this purpose, surface energies have 

to be also taken into account. 
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Abstract 

The as-cast Al-Zn-Mg-Cu-based alloy with and without Sc,Zr-addition was studied during isochronal annealing 

from room temperature up to 480 °C. Precipitation reactions were studied by differential scanning calorimetry 

and microhardness measurements. These measurements were compared to microstructure development that 

was observed by scanning electron microscopy. Microstructure observation proved eutectic phase at grain 

boundaries in the as-cast state of both alloys. The measurements of positron lifetime (LT) spectroscopy 

confirmed the presence of Guinier-Preston (GP) zones in the initial state of both studied alloys. Neither 

structure nor volume fraction of eutectic phase shows changes after annealing up to 480 °C. The distinct 

changes in microhardness curves as well as in heat flow of the alloys studied are mainly caused by dissolution 

of GP zones and by formation of the particles of the Al-Zn-Mg-Cu system. The apparent activation energy 

values of the thermal processes were calculated. The hardening effect after isochronal annealing 

at temperatures above ~ 300 °C reflects the Sc,Zr-addition. 

Keywords: Differential scanning calorimetry, hardness Vickers, Al-Zn-Mg-Cu system, Al3(Sc,Zr) phase 

1. INTRODUCTION 

Commercial Al-Zn-Mg-Cu based alloys (7xxx series) are widely used in aircraft and automotive manufacture 

to produce lightweight vehicles [1-3]. Important properties that must be considered for these applications are 

strength, ductility, or corrosion and damage tolerance [4].  

The precipitation sequence of Al-Zn-Mg-Cu based alloys could be described as: a) supersaturated solid 

solution (SSS) → GP zones → metastable η´ → stable η (MgZn2); b) SSS → GP zones → T´ phase → T 

phase (Al2Zn3Mg3) [5]. GP zones are generally formed during room temperature (RT) ageing or the early 

stages of artificial ageing. It is accepted that there are two types of GP zones, i.e., GPI and GPII [6]. Generally, 
GPI and GPII zones can serve as nucleation sites for the metastable η´ phase [6]. Metastable η´ phase, instead 

of stable η phase (MgZn2), is believed to be responsible for the peak hardening of Al-Zn-Mg-Cu alloys [6]. 

Therefore, the η´ phase is widely studied in composition and crystal structure [6]. Precipitation sequence mainly 

depends on ratio of Zn and Mg addition [7,8], if Mg content is higher than Zn content then T phase is main 

hardenable phase [7,8].  

Generally, the addition of Sc to the material can effectively improve strength, refine grains and inhibit 

recrystallization. The improvements of these properties are owing to the formation of Al3Sc dispersoids [9]. 

However, the high cost of Sc limits the developing of Al-Zn-Mg-Cu-Sc alloys. To reduce the cost, Zr is added 

with Sc to reach the equivalent mechanical properties obtained from a high Sc content [9]. In fact, recent work 

has shown that ternary complex Al3(Sc,Zr) precipitates produced by additions of Sc and Zr are more stable, 

and promoting effect in inhibiting recrystallization is more remarkable [9].  
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2. MATERIALS AND METHODS 

The as-cast Al-5.3 wt.% Zn-3.2 wt.% Mg-1.5 wt.% Cu (AlZnMgCu) and Al-5.3 wt.% Zn-3.2 wt.% Mg-1.5 wt.% 

Cu-0.25 wt.% Sc-0.15 wt.% Zr (AlZnMgCuScZr) alloys were studied. The temperature ranges of phase 

transformations in the alloys were determined by Vickers microhardness (HV0.5) measurements (measured 

at RT) during the isochronal annealing with steps of 30 K / 30 min from RT up to 480 °C. The annealing was 

carried out in an oil bath (up to 240 °C) or in a furnace with protective gas atmosphere (at higher temperatures) 

and each annealing step was finished by a quenching in water or liquid nitrogen. The thermal characteristics 

of the alloys studied were measured by differential scanning calorimetry (DSC) performed at heating rates of 

1, 2, 5, 10 and 20 K·min-1 in the Netzsch DSC 204 F1 Phoenix apparatus. 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 were compared to microstructure development observed by scanning electron microscopy 

(SEM) microscopy. SEM observations were carried out in MIRA I Schottky FE-SEMH microscope to determine 

the microstructure of the as-cast alloys. The analysis of precipitated phases was complemented by energy-

dispersive spectroscopy (EDS) performed by X-ray BRUKER microanalyser. Positron annihilation 

spectroscopy (PAS) was employed for measurement of positron lifetime (LT). The measurements were 

performed using 22Na positron source sealed in titanium foil. Detailed information about LT measurements is 

described in Ref. [10]. 

3. RESULTS AND DISCUSSION 

Microstructure observations proved the eutectic phase at grain boundaries in the as-cast state of the 

AlZnMgCu and AlZnMgCuScZr alloys. The volume fraction of this phase was very close for both alloys. 
Figure 1 shows SEM image of the AlZnMgCuScZr alloy in the initial state. Approximate composition of the 

eutectic phase (Mg2ZnCu) was found using EDS for both studied alloys, these results are in agreement with 

Refs. [11,12]. 

 

Figure 1 SEM image of the AlZnMgCuScZr alloy in the initial state 

The response of microhardness HV0.5 to isochronal step-by-step annealing of the AlZnMgCu 
and AlZnMgCuScZr alloys are shown in Figure 2. The initial values of microhardness are higher for 

AlZnMgCuScZr (HV0.5 ≈ 128) alloy than for AlZnMgCu alloy (HV0.5 ≈ 117) alloy. The difference is probably 

caused by higher content of addition in the solution and/or by presence of Sc, Zr-containing particles. At first, 

the HV0.5 values slowly decrease to a local minimum at ~ 120 °C in both studied alloys. After that the 

microhardness increases to a maximum at ~ 180 °C in the AlZnMgCu and ~ 210 °C in the AlZnMgCuScZr 

alloy. After annealing above temperatures 300 °C it can be seen that Sc,Zr-addition has a hardenable effect. 

HV0.5 values of the alloy without Sc,Zr addition continually decrease up to 480 °C in contrast to the 
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AlZnMgCuScZr alloy. The microhardness HV0.5 values of the AlZnMgCuScZr alloy are almost constant in the 

temperature interval 300 °C - 480 °C. Difference between final microhardness values (after annealing up to 

480 °C) of AlZnMgCu and AlZnMgCuScZr is nearly of the ΔHV0.5 ≈ 30. 

Figure 3 shows the DSC curves of the AlZnMgCu(ScZr) alloys at heating rate of 5 K/min up to 270 °C. One 

can see two and three thermal processes in these curves, respectively. In the AlZnMgCu alloy the first 

significant endothermic effect (process I) with minimum at ~ 120 °C is followed by two exothermic effects 

(process II and process III) with maxima at ~ 200 °C and ~ 230 °C. In the AlZnMgCuScZr alloy the minimum 
of the endothermic effect (process I) is shifted to higher temperatures than in AlZnMgCu alloy (Δt ~ 20 °C) and 

this process is followed just by one exothermic effect (process III) with maximum at ~ 230 °C. There were no 

thermal changes in the DSC curves after annealing up to 270 °C in both alloys. 

 

Figure 2 Isochronal annealing curves of hardness ∆HV0.5 changes (measured at RT) of the alloys studied 

 

Figure 3 DSC curves in linear heating rate of 5 K/min of the alloys studied up to 270 °C 

It is generally known that the solute clusters and/or GP zones are formed in early stages of decomposition of 

solid solution in Al-based alloys [13]. Ordinarily, these formations affect microhardness changes and heat flow 

observed by DSC measurements [13, 14]. From comparison of the isochronal annealing curves up to ~ 120 °C 
(see Figure 2) it can be concluded that the GP zones are probably dissolved first. The first endothermic thermal 

effect (labeled as process I) with maximum at ~120 °C corresponds to the dissolution of GP zones [13, 14]. 

GP zones were probably formed during the cooling of material after casting [15]. In AlZnMgCu alloy positrons 

annihilate at traps associated with GP zones and characterized by a positron lifetime of 0.213 ns. This 

measured value is in a good agreement with the results in [16] and corresponds to the positrons annihilations 

from GP zones.  

(°C) 

(°C) 

. 
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The main microhardness increases in both studied alloys are in the temperature interval 120 °C - 240 °C. 
Higher hardening was observed in the AlZnMgCu alloy (see Figure 2). The thermal effects (process II and III 

in the AlZnMgCu alloy and process III in the AlZnMgCuScZr alloy) are probably connected with hardening in 

the temperature interval 150 °C - 250 °C. The HV0.5 values of the alloy without the Sc,Zr-addition continually 

decrease up to 480 °C in contrast to the AlZnMgCuScZr alloy. Microhardness of the AlZnMgCuScZr shows 

almost no changes in the temperature interval 300 °C - 480 °C. From comparison of isochronal annealing 

curves of microhardness changes above 300 °C it can be concluded that the Sc,Zr-addition has a significant 

hardenable effect. The same results were obtained on Al-Zn-Mg(-Sc-Zr) alloys in the temperature range 320 °C 

- 480 °C [15] - the Sc,Zr-containing particles precipitate in this temperature range in the AlZnMgScZr alloys 

[15]. The most likely explanation is (similarly like in the AlZnMgScZr alloys), that coherent Al3(Sc,Zr) particles 

precipitate after annealing above 300 °C in the AlZnMgCuScZr alloys. However, these conclusions are 

necessary to be verified by further microscopic observations. Neither volume fraction nor composition of the 

eutectic phase was changed after annealing up to 480 °C in both studied alloys. 

 

Figure 4 Kissinger plot in the coordinate system of [ln(β / Tf2); 1 / Tf] of the heat effects in the 

AlZnMgCu(ScZr) alloys, β is the linear heating rate; Tf is the peak temperature of DSC trace for particular 

heat effects 

On the basis of the obtained results from DSC curves, the apparent activation energy for individual processes 
(Figure 4) can be determined by the Kissinger method [17] as: QI ≈ 100 kJ·mol-1, QII ≈ 108 kJ·mol-1 and QIII ≈ 

150 kJ·mol-1 for the processes I-III, respectively. The values of the activation energy of dissolution of GP zones 

and the process III are in agreement those reported in [15]. The temperature interval of the dissolution of GP 

zones is probably slightly influenced by the Sc,Zr-addition. The temperature interval of the process III is 

connected with the highest hardening in the alloys. There are no changes of this process in the alloy with Sc, 

Zr-addition. 

4. CONCLUSIONS 

Results of characterization of the AlZnMgCu and of the AlZnMgCuScZr alloys by microhardness, thermal 

analysis and microscopy observation can be summarized in the following points: 

a) the slight difference in the initial values of microhardness is caused by higher concentration of solutes 

and/or by presence of Sc,Zr-containing particles, 

b) after annealing above temperatures 300 °C the Sc,Zr-addition has hardenable effect, 

c) the hardening and thermal changes in the alloys during the annealing are caused by the dissolution of 

GP zones and precipitation of particles of the Al-Zn-Mg-Cu system, 
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(K
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d) apparent activation energies of the dissolution on GP zones and precipitation processes (exothermic 

process II and III) were calculated in the alloys studied. 
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Abstract 

Using aluminum bronze and titanium foils, CuAl10Fe3Mn2 - intermetallic phases laminated composites have 

been fabricated through reactive bonding at 875 °C in vacuum. Investigations were concerned with the 

structural transformations of a bronze - Ti couple boundary. Holding for a few minutes resulted in the formation 

of a thin layer at the interface. Prolongation of the heating time lead to reactions in the liquid state and 

completely disappearing of titanium layers. Thus, the final microstructure consisted of alternating layers of 

intermetallics and unreacted CuAl10Fe3Mn2 bronze. The microstructure was revealed in optical and scanning 

electron microscopy (SEM). The study exhibited the presence of different reaction products in the diffusion 

zone and their chemical compositions were determined by X-ray microprobe analysis. The occurrence of 

different intermetallic compounds such as TiCu, Ti2Cu, τ1 (TiCu2Al) and τ2 (TiCuAl) was predicted from the 

ternary phase diagram Ti-Cu-Al. The predominant part of the intermetallic layers was the mixture of TiCuAl 

and TiCu2Al phases, since a liquid front of reaction was moving into the aluminum bronze. The microhardness 

of the reaction products and the elemental components was comparatively measured.         

Keywords: Titanium, aluminum bronze, intermetallics, laminated composite, microstructure   

1. INTRODUCTION 

Since over two decades there has been significant interest in the fabrication and investigation of mechanical 

behavior of a variety of laminated metal composites, such as metal-metal [1], metal-ceramic [2] and metal-

intermetallic [3-12] systems. Very interesting are metal-intermetallic laminated (MIL) composites that have the 

potential to perform various functions, such as blast mitigation, ballistic protection, heat exchange, thermal 

management and vibration damping [5]. MIL composites combine the good ductility and toughness of metals 

with the higher elastic modulus, higher strength, and lower density of intermetallics. Lamination improves many 

properties including fracture toughness, fatigue behavior, wear, corrosion and damping capacity. It also provide 

enhanced formability or ductility for brittle intermetallics [1]. There are two groups of production techniques of 

MIL composites: deposition or bonding. Sputter or vapor deposition techniques involve atomic scale transport 

of the component materials. Such nano-laminated materials are typically fabricated by depositing hundreds of 

alternate nanoscale layers and they have received significant interest due to their extremely high strength [12]. 

Deposition techniques require sophisticated manufacturing equipment and are too slow for practical 

applications. These factors increase the cost of component production and make these composites 

economically unattractive. Bonding techniques, e.g. diffusion bonding, transient liquid phase bonding and 

reaction bonding between metal foils have some advantages. They involve relatively simple processing and 

the size and the number of layers that can be produced are not limited [3]. Moreover, the laminated structure 

of the composite allows for variations in the layer thickness and phase volume fractions of the components 

simply through the selection of initial foils thickness. A great number of laminated composites have been 

produced using Al and Ni [3,6,8], Ti [5,10,11], Nb [4] or Fe [7] foils. Previous works also revealed that titanium-

intermetallic and copper-intermetallic composites can be produced by reaction that occurs at the interface of 

Ti and Cu [8,10]. Aluminum bronzes are corrosion-resistant alloys of copper containing from 4 to 15 % 

aluminum and small amounts of other metals, used to make many machine parts and tools. Alloys containing 
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approximately 10 % aluminum are fabricated by sand casting and gravity diecasting into strong objects, 

including ship propellers [13]. The laminated composites with aluminum bronze matrix could be considered for 

structural applications because of their lower density than monolithic bronze. This kind of laminated composites 

has been investigated by Tsai et al. [14]. In the present study, the reaction synthesis was employed to fabricate 

laminated composites in vacuum using aluminum bronze and Ti foils. The primary purpose of this study was 

to recognize the effect of high temperature on the structure and development of the interfacial zone between 

aluminum bronze and titanium. In order to do it, microstructural investigations of the reaction zone were 

carefully performed. After that formed intermetallic phases were identified and the progress of synthesis 

process with prolonged time was investigated. As a result, the laminated aluminum bronze-intermetallic 

composites with alternately located layers were produced and presented. 

2. EXPERIMENTAL PROCEDURE 

In the work, 0.1 mm thick foils of titanium and 0.3 mm thick foils of CuAl10Fe3Mn2 aluminum bronze were 

used to produce laminated bronze-intermetallic composites with controlled treating time, temperature and 

pressure. Chemical compositions and room-temperature mechanical properties of base materials are given in 
Table 1 (UTS is ultimate tensile strength). 

Table 1 Chemical compositions and mechanical properties of the base materials  

Materials Composition of elements (at.%) 

Ti Fe C Al Cu Mn Ni Zn O Sn V+Cr N 

Titanium 99.51 0.09 0.08 0.07 - - - - 0.18 - 0.05 0.02 

CuAl10Fe3Mn2 - 2.78 - 10.75 83.36 1.98 0.76 0.29 - 0.08 - - 

 Yield strength (MPa) UTS (MPa) Elongation (%) 

Titanium 250 320 24 

CuAl10Fe3Mn2 325 580 12 

Aluminum bronze and titanium foils were cut into 10 mm x 10 mm square pieces. The joining surfaces were 

polished on 1200 grade abrasive paper just before bonding. Any contamination on the surfaces was removed 

with cotton swabs in water. After that foils were rinsed in water and then in ethanol. After drying rapidly, they 

were stacked into laminates in an alternating sequence. There were used 5 pieces of aluminum bronze and 4 

pieces of Ti. A pressure of 5 MPa was employed at room temperature in a specially constructed vacuum 

furnace to ensure good contact between the metals. Series of attempts allowed to find that a temperature of 

at least 870 °C was necessary for the start and rapid development of structural processes at the interface 

between aluminum bronze and titanium. The temperature was increased from 20 to 800 °C at a heating rate 

of 0.25 °C/s. The samples were heated in vacuum of 0.01 Pa at 800 °C for 1h under applied 5 MPa pressure 

to allow diffusion bonding of the layers. After that the foils were heated to 875 °C and held at this temperature 

from 5 to 60 minutes. The pressure was removed during this processing sequence with the purpose of 

eliminating possible expulsion of liquid phases. The temperature was then decreased slowly (cooling rate of 

0.16 °C/s) to 700 °C and the pressure of 5 MPa was applied again. Finally, the samples were furnace-cooled 
to room temperature (Figure 1). After fabrication, the samples were cut using diamond blade and polished 

applying standard metallographic techniques. Microstructural observations were performed using a JEOL JMS 

5400 scanning electron microscope and a Nikon ECLIPSE MA 200 optical microscope. The chemical 

composition of the phases was determined by an energy dispersive spectroscopy utilizing an ISIS 300 Oxford 

Instruments. 
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Before the samples were examined with the optical microscope they had been etched to reveal grain 

boundaries and the structure of the intermetallic layers. Vickers (HV0.1) measurements were performed by 

Matsuzawa microhardness tester. 

 

Figure 1 A schematic diagram of fabrication of CuAl10Fe3Mn2-intermetallic phases composite 

3. RESULTS AND DISCUSSION 

3.1. Structural transformations at the CuAl10Fe3Mn2-titanium boundary during reaction  

At the beginning of the structural investigations a microstructure developed due to solid state diffusion between 
bronze and titanium was studied. Figure 2a shows the microstructure of the diffusion-bonded joint formed in 

the sample after holding for 1 hour at 800 °C. 

     

Figure 2 Optical micrographs showing the diffusion joint: (a) developed at 800 °C for 1 h and microstructure 

of the reaction zone, (b) formed after heat treatment at 875 °C for 30 minutes   

In aluminum bronze-titanium diffusion zone four distinct reaction layers were observed. The analysis of the 
microstructure was based on the Cu-Ti-Al ternary phase diagram (Figure 3) using SEM and X-ray 

spectroscope. Adjacent to titanium the eutectoid mixture containing Ti2Cu and αTi (solid solution of copper in 

titanium) were identified. This double-phase layer was followed by three single phase layers: TiCu (containing 

49.6 at.% Ti, 48.8 at.% Cu, 0.94 at.% Al, 0.37 at.% Fe and 0.29 at.% Mn), TiCuAl (containing 32.61 at.% Ti, 

37.11 at.% Cu, 29.85 at.% Al, 0.25 at.% Fe and 0.18 at.% Mn) and TiCu2Al (containing 24.94 at.% Ti, 49.11 
at.% Cu, 25.11 at.% Al, 0.45 at.% Fe and 0.39 at.% Mn). Figure 2b shows the microstructure of the 

intermetallic layer formed after heat treatment at 875 °C for 30 minutes. The reactions with liquid transformed 

intermetallics to mushy stage and lead to completely disappearing of titanium layers. The measurements of 

the thickness of the reaction products showed that the reaction zone was increasing progressively with the 

reaction time. On the basis of measurements a simple relationship between the thickness (expressed in µm) 

 °C 
 °C 
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of the intermetallics layer d and the holding time t (expressed in min) at the temperature of 875 °C was derived 
according to the equation (1): 

d = 0.03 t 2 + 45                                                                                                                                               (1) 

The rate of synthesized layer growth with liquid phase contribution strongly exceeds the parabolic growth of 

intermetallic phases due to interdiffusion in the solid state. 

 

Figure 3 Isothermal cross-section through the ternary phase diagram Ti-Cu-Al at 800 °C [15] 

The final microstructure consisted of alternating layers of intermetallics and unreacted CuAl10Fe3Mn2 bronze 
(Figure 4). 

    

Figure 4 Scanning electron micrographs showing a typical microstructure of the laminated composite 

produced from aluminum bronze and titanium foils at 875 °C after treating for 60 minutes (a) and 

composition of the intermetallic layer in formed composite (b) 
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The X-ray analysis shown that intermetallic layers after treating for 60 minutes at the temperature of 875 °C 

were only composed of three intermetallics: TiCu2Al (containing 24.92 at.% Ti, 49.42 at.% Cu, 24.88 at.% Al, 

0.41 at.% Fe and 0.37 at.% Mn), TiCuAl (containing 32.85 at.% Ti, 36.74 at.% Cu, 30.04 at.% Al, 0.23 at.% Fe 

and 0.14 at.% Mn) and Ti2Cu (containing 61.91 at.% Ti, 31.01 at.% Cu, 6.17 at.% Al, 0.33 at.% Fe and 0.58 
at.% Mn) that could dissolve up to 8 at.% Al (Figure 5a) [15]. The predominant part of the intermetallic layers 

were TiCu2Al and TiCuAl phases, since a liquid front of reaction was moving into the aluminum bronze 
(Figure 5b). 

                      

Figure 5 The energy spectrum for emitted X rays for Ti2Cu phase (a) and concentration of Cu, Al, Ti, Mn and 

Fe profiles across the layers of the laminated composite (b) 

3.2. Microhardness measurements 

Microhardness measurements were performed for basic materials as well as for formed intermetallic layers. 
Results of microhardness measurements are given in Table 2. 

Table 2 Results of hardness measurements  

Material CuAl10Fe3Mn2 Titanium Bronze/intermetallic  

interface 

Middle of the 

intermetallic layer 

HV0.1 125-320 210-220 660-770 510-550 

The maximum hardness values in the range of 660 to 770 HV were achieved at the bronze/intermetallic 

interface due to the presence of the TiCu2Al intermetallic phase. In the middle of the intermetallic layers, 

comprising mainly the mixture of TiCuAl and Ti2Cu phases, hardness was a little bit lesser and contained in 

the range of 510 to 550 HV. In comparison, for materials used to produce the laminated composites: 

CuAl10Fe3Mn2 and titanium the values of hardness were from two to six times lesser.     
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4. CONCLUSION 

In a consequence of reaction occurring between CuAl10Fe3Mn2 and titanium foils in vacuum at 875 °C, a 

laminated aluminum bronze-intermetallic composite can be formed. It is evident from metallographical 

examinations that the predominant part of intermetallics is synthesized in the region passing from a liquid state 

to a solid state. The reaction zone contains intermetallic compounds, presumably: Ti2Cu, τ1 (TiCu2Al) and τ2 

(TiCuAl), but the predominant part of the intermetallic layers is the mixture of TiCuAl and TiCu2Al phases, since 

a liquid front of reaction is moving into the aluminum bronze. The intermetallic layers are from 2 to 6 times 

harder than layers of the aluminum bronze, and the maximum hardness values in the range of 660 to 770 HV 

can be achieved at the bronze/intermetallic interface due to the presence of the TiCu2Al intermetallic phase. 
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Abstract 

Evolution of microhardness during isochronal annealing up to 600 °C was studied in strips processed from Al-

Mg-Sc-Zr alloy. Specimens for all measurements were prepared from conventionally mould cast and hot rolled 

strips (CC) or from strips after twin-roll casting (TRC). Selected TRC specimens were further either hot rolled 

or constrained groove pressed. The role of strips preparation methods on microhardness and annealing 

response was established. It was shown that the formation of coherent Sc and Zr-rich particles at temperatures 

close to 300 °C results in a significant increase of microhardness in specimens that have not been exposed to 

elevated temperatures during the preparation of strips. The highest microhardness was observed in CC 

materials as a result of a combined effect of fine grains and strengthening particles. Above 350 °C a 

degradation of mechanical properties occurs in two stages in all materials independently on their previous 

history. The observed drop of microhardness was caused by the overaging of strengthening particles and 

withdrawal of the strengthening effect of the deformation structure. 

Keywords: Aluminum alloys, metal sheets, preparation, severe plastic deformation, annealing 

1. INTRODUCTION 

Al-Mg-based alloys with an addition of scandium and zirconium are widely used in aerospace industry, 

especially thin plates for cockpits, the skins of aircraft, fuel tanks, etc. [1, 2]. The most common way of 

preparation of metal sheets is direct chill (DC) casting and subsequent hot and cold-rolling to reach the required 

thickness. However, increased demands on the material properties cannot be fulfilled by conventional methods 

(pronounced grain elongation and a pancake structure responsible for the exfoliation corrosion that proceeds 

along grain boundaries [3]). Therefore, new approaches of aluminium sheets production are in the center of 

an intensive research now.  

Twin-roll casting (TRC) [4, 5] of a metal strip is a promising option which does not produce an undesirable fibre 

structure. In addition, TRC method produce directly the metal strips of requested thickness in one operation 

and following homogenization and rolling are not always necessary as in the case of DC-cast materials. 
Moreover, several methods of severe plastic deformation (SPD) can be used for further grain refinement and 

strengthening [6, 7] of the final metal strip. 

The aim of the present research is to compare the microhardness evolution during thermal exposure of strips 

prepared by a conventional way and TRC combined with a laboratory rolling or constrained groove pressing 

(CGP) [8, 9]. 

2. EXPERIMENTAL 

Strips from Al-alloy with a composition shown in Table 1 were:  
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a) mould cast (specimens labelled as CC). Their original thickness after casting was 30 mm. The strip was 

cold rolled to the thickness 10 mm and then hot rolled at 300 °C to further reduce the thickness down to 

5 mm. 

b) twin roll cast to final thickness 5 mm. Subsequently, the material was either hot rolled (300 °C) in a 

laboratory mill to a thickness of 3 mm or subjected to one complete CGP cycle at 250 °C.  

Selected samples were annealed at 300 °C for 8 hours before the annealing experiment in order to form 

coherent particles Al3(Sc,Zr) which harden the material and pin grain boundaries at higher temperatures 
[10],[11],[12]. These precipitates are depicted in Figure 1.  

 

Figure 1 The distribution of the coherent Al3(Sc,Zr) particles in TRC sample annealed at 300 °C for 8 hours. 

(a) Dark field image near [100] Al zone axis, (b) the corresponding diffraction pattern 

Table 1 Chemical composition of Al-Mg-Sc-Zr alloy (wt.%) 

Al Mg Zr Sc Mn Si Cu Fe Zn 

Balance 3.24 0.14 0.19 0.16 0.11 0.024 0.21 <0.002 

2.1. Experimental methods 

Samples were annealed in an air furnace in an isochronal step-by-step heating scheme up to 600 °C with step 

of 50 °C/50 min. After each annealing and water quenching the microhardness was measured. Every 

measurement was carried out on a different sample, therefore the scatter of measured values is higher due to 

local inhomogeneities along the cast strip. 

Samples for light optical microscopy (LOM) were mechanically ground by SiC papers and subsequently 

polished by diamond suspensions. Afterwards the samples were anodized with a Barker's reagent in Lectropol 

5. Initial states of the material and final states after annealing at 600 °C were observed in polarized light in 

LOM. 

3. RESULTS 

3.1. Initial state 

The CC material is characterized by elongated grains about 40 μm long and 5 μm thick (Figure 2). On the 

contrary, the TRC material has a coarser structure. The grains are more equiaxed and their size in the central 
part of the strip is around 150 μm (Figure 3). Additional hot rolling of the TRC material results in a partial 

flattening of the grains. However, the elongation is not as significant as in the case of the CC material. The 

average grain size is similar to the one in TRC specimen without rolling. Constrained groove pressing does 

a) b) 
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not have noticeable impact on neither the size nor the shape of the grains (Figure 3). CGP probably leads 

only to a fragmentation of the grains into subgrains [13]. 

 

Figure 2 The microstructure of rolled materials in initial states. Comparison of the structure of mould cast 

sample after rolling by industrial mill (CC samples) and TRC sample rolled by a laboratory mill (TRC + hot 

rolling): (a) CC, (b) CC + 300 °C/8 h, (c) TRC + 300 °C/8 h + hot rolling, (d) TRC + hot rolling + 300 °C/8 h 

 

Figure 3 The microstructure of TRC material after annealing at 300 °C and TRC material subjected to CGP: 

TRC + 300 °C/8 h, (b) TRC + CGP, (c) TRC + 300 °C/8 h + CGP, (d) TRC + CGP + 300 °C/8 h 
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3.2. Microhardness 

The evolution of microhardness during exposure to elevated temperatures in all specimens can be seen in 
Figure 4. The CGP and TRC materials that have not been annealed at 300 °C/8 h evince lower microhardness 

in the initial state than the annealed ones. Initial states of non-annealed TRC and CPG materials differ from 

the pre-annealed materials by about 15 HV01. 

Both rolled materials studied in this paper were annealed for 300 °C during their preparation, therefore they 

have higher microhardness already in the initial state without any successive annealing. When compared to 

the rolled material without any annealing [14], its microhardness is also lower. 

 

Figure 4 The evolution of microhardness: (a) in rolled materials (conventionally cast material rolled in 
industrial mill vs. TRC material and TRC material rolled in the laboratory mill), (b) in TRC material and TRC 

material subjected to CGP. 

3.3. Isochronal annealing 

Up to 300 °C the most pronounced changes in microhardness occurred in TRC and CGP materials without the 

initial annealing. Above 250 °C the values of microhardness increase to the values observed in the pre-

annealed materials. The values of microhardness of the remaining samples do not change significantly up to 

350 °C. Above 350 °C, softening occurs in all materials (most probably in two stages) and at the highest 

annealing temperature the values of microhardness of all materials are the same within the experimental error. 

However, the differences in microstructure after annealing up to 600 °C persist. Equiaxed grains form in CC 
sample (Figure 5). On the contrary, the microstructure of TRC samples is not fully recrystallized and grains 

are larger (Figure 6) than in CC. 

4. DISCUSSION 

The influence of precipitation strengthening during isochronal annealing becomes evident particularly for TRC 

and CGP material. Remaining materials (CC and hot rolled) were exposed to higher temperatures during their 

preparation. Such annealing has already led to the precipitation of Al3(Sc,Zr) particles in Al alloys with the 

addition of Sc and Zr which contribute to strengthening of the material. The most intensive precipitation usually 

appears at 300 °C. Therefore, the microhardness of TRC and TRC+CGP reaches the microhardness of pre-

annealed samples not until this temperature. The remaining samples contain the particles from the beginning 

of the experiment and isochronal annealing bellow 300 °C does not have any significant effect on the 

microhardness. Markedly higher values of microhardness of CC samples are connected with the fine grain 

structure and hardening due to Hall-Petch relation [7]. 

The succession of deformation and annealing at 300 °C processes does not influence the evolution of 

microhadness significantly which differs from the observation on the same material processed by equal 

channel angular pressing [15]. The materials softening above 350 °C appears as a consequence of several 

a) b) 
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overlapping processes: most probably they are the dislocation recovery, polygonization, and overaging of 

Al3(Sc,Zr) particles bellow 450 °C and recrystallization and partial dissolution of Al3(Sc,Zr) particles above this 

temperature. 

 

Figure 5 The microstructure of rolled materials in final states after isochronal heating up to 600 °C: (a) CC, 

(b) CC + 300 °C/8 h, (c) TRC + 300 °C/8 h + hot rolling, (d) TRC + hot rolling + 300 °C/ 8h 

 

Figure 6 The microstructure of TRC material subjected to precipitating annealing at 300 °C/8 hours and TRC 

material subjected to CGP in final states after isochronal heating up to 600 °C: (a) TRC + 300 °C/8 h, (b) 

TRC + CGP, (c) TRC + 300 °C/8 h + CGP, (d) TRC + CGP + 300 °C/8 h 
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5. SUMMARY 

The influence of the initial preparation method of AlMgScZr strips on the evolution of microhardness during 

isochronal annealing was studied. It was shown that the annealing of the as-cast and CGP specimens result 

in the formation of strengthening particles accompanied by a significant increase of microhardness. Above 

350 °C the degradation of all materials occurs due to the overaging of strengthening particles and withdrawal 

of the strengthening effect of the deformation structure. 
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Abstract  

The paper presents the results of physical modelling of the process of rolling AlZn5.5MgCu aluminum alloy 

bars on a three-high reeling mill. Tests were carried out in a complex strain state (simultaneous torsion with 

compression) using an STD 812 torsion plastometer. The initial parameters were determined during numerical 

modelling in the program FORGE 2011®. The purpose of the study was to verify the numerical modelling and 

to physically represent the process of rolling on the three-high reeling mill. The scope of the investigation 

encompassed also the determination of the effect of feedstock temperature on the changes in the yield stress 

of the investigated material, its microstructure and microhardness. 

Keywords: Physical modelling, hot torsion test, three-high reeling mill, hard deformable aluminum alloy 

1. INTRODUCTION 

Physical modelling methods are used with great success both in basic research, as well as application 

research, the aim of which is to transpose laboratory test results onto the actual industrial facility. Of particular 

importance are physical modelling methods, which are used in plastic working and in materials science [1]. On 

the basis of the results of physical modelling of the rolling process it is possible to determine, e.g., the values 

of yield stress in each pass, thus obtaining the capability to accurately calculate the energy and force 

parameters needed for carrying it on a commercial scale. It can also be possible to assess the variations in 

the microstructure of deformed material and its mechanical properties within the entire sequential deformation 

cycle which occurs in the actual rolling process [2]. The specimen sizes used in physical modelling are 

sufficiently large to enable the tracking of changes that occur in the structure of material subjected to 

simulations. Thus, this method allows the optimal parameters of the technological process to be selected for 

the required structure of product [1]. 

The analyzed process of rolling bars on the three-high skew mill is characterized by large deformation values 

(the actual deformation at a level of 3÷4) in individual rolling passes. A method that enables the deformation 

of material with such a deformation is the torsion test. The main advantage of the torsion method is the 

capability to obtain large deformations, much larger than in the tensile and compression tests, without the prior 

loss of the stability of the deformed material. In addition, torsion is a good method for testing hard deformable 

materials, which include aluminum and its alloys. Moreover, state-of-the-art torsion plastometers enable a 

complex deformation patters to be generated in material being deformed, which is similar to that occurring in 

the actual process of rolling on a three-high reeling mill. 

2. THE AIM, SCOPE AND METHODOLOGY OF THE INVESTIGATION  

The aim of the investigation carried out within this study was to verify the numerical examination results and 

to physically represent the process of rolling on the three-high reeling mill before rolling in laboratory conditions. 
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The obtained results were compared with the results of numerical modelling and those obtained from the rolling 

process. The scope of the investigation encompassed also the determination of the effect of feedstock 

temperature on the changes in the yield stress of the investigated material, its microstructure and 

microhardness. Physical modelling of the process under analysis was carried out in a complex strain state 

(simultaneous torsion and compression) using an STD 812 torsion plastometer in accordance with the 

numerical examination parameters calculated in FORGE 2011®, while taking into account the testing 

capabilities of the plastometer. Material used for the tests was an aluminum alloy of series 7XXX, in grade 
AlZn5.5MgCu. 

3. ANALYSIS OF THE INVESTIGATION RESULTS 

The chemical composition of the investigated aluminum alloy, complying with the requirements of the PN-EN 
573-1:2006 standard is given in Table 1.  

Table 1 Chemical composition of aluminum alloy AlZn5.5MgCu, in percentage by weight % 

Zn Mg Cu Cr Fe Ti Mn Si Al 

5.72 2.44 1.63 0.2 0.28 0.08 0.13 0.14 rest 

The first stage of the investigation was numerical modelling of the process of rolling AlZn5.5MgCu aluminum 

alloy bars on the three-high reeling mill using the software program Forge2011®, where the mechanical state 

of deformed material was described with the Norton-Hoff law [3]. 

ij

mTn

ij eKS εεεε β
ɺɺ

1)(

00
000 )3()(2
−⋅−⋅+=  (1) 

where: Sij - stress tensor deviator, εɺ  - strain intensity rate, ijεɺ - strain rate tensor, ε - strain intensity, ε0 - initial 

strain, T- temperature, K0, m0, n0, β0 - material constants related to the characteristic properties of the material 

concerned. 

The following boundary conditions were adopted for the numerical modelling: roll temperature, 60 °C; ambient 

temperature, 20 °C; the coefficient of heat exchange between the bars and the rolls, 20000 W / m2K; the 

coefficient of heat exchange between the bars and the air, 100 W / m2 K; friction factor, 0.8. 

This examination was carried out for two initial feedstock temperature of 200 °C and 250 °C, respectively. 

Sample results for the distribution of temperature, strain intensity, strain rate intensity and stress intensity in 
rods being rolled for the first rolling pass are shown in Figure 1 and 2.  

a) b) 

  

Figure 1 Distributions of temperature and stress intensity on the cross-section of rolled bars in the exit plane 

- rolling pass no. 1: a) temperature, b) stress intensity 
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a) b) 

 

 

Figure 2 Sample distributions of strain intensity and strain rate intensity in the longitudinal section of rolled 

bars - rolling pass no. 1: a) strain intensity, b) strain rate intensity 

From the data in Figures 1 and 2 it was found that the examined process was characterized by a big variability 

of strain parameters over the cross-section of the rolled bars. The temperature, strain intensity, strain rate 

intensity and stress intensity all attained the largest values at the surfaces in direct contact with the rolls, while 

the smallest values of the examined parameters were observed in the axis of rolled bars.  

For physical modelling of the investigated three-high reeling mill rolling process, alloy specimens with the 
working portion of a diameter of d = 6 mm and a length of l = 10 mm were used. The temperature was controlled 

using a K-type (NiCrNiAl) thermocouple. A general schematic diagram of thermo-mechanical treatment during 
physical modelling is shown in Figure 3, while a general view of working during the investigation is presented 

in Figure 4. Due to difficulties in controlling the temperature of the investigated aluminum alloy using the 

thermocouple, also a thermovision technique was used in the investigation. 

 
 

Figure 3 Diagram of thermo-mechanical treatment during 

physical modelling of the process of rolling 7075 alloy bars 

in the three-high reeling mill 

Figure 4 An AlZn5.5MgCu aluminum alloy 

specimen in the chamber of the STD 812 

torsion plastometer  

Deformation parameters for physical modelling (Table 2) were taken from the analysis of the numerical 

modelling results, while taking into account the testing capabilities of the STD 812 torsion plastometer. The 

tests were carried out at constant deformed specimen temperatures which, according to the numerical 

modelling conditions, were 200 and 250 °C. 

Table 2 Deformation parameters in physical modelling using the STD 812 torsion plastometer  

 Torsion Compression  

Strain 3.12 0.29 

Strain rate (1/s) 9.0 0.80 
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Changes in specimen dimensions in the process of physical modelling of the three-high reeling mill rolling 
process, corresponding to the total deformation of approx. 3.5, are illustrated in Figure 5. 

a) b) 

  

Figure 5 Changes in specimen dimensions during physical modelling of the process of rolling AlZn5.5MgCu 

alloy bars: a) feedstock temperature, 200 °C; b) feedstock temperature, 250 °C 

Figure 6 illustrates the variation in the value of yielding stress (computed numerically and measured during 

physical modelling of the examined process) as a function of preset deformation. Moreover, Figure 6 shows 

also temperature variations, as computed numerically.  

a) b) 

  

Figure 6  Variation in the yield stress of the AlZn5,5MgCu alloy during physical modelling of the process of 

rolling bars on the three-high skew mill: a) at the temperature 200 °C,  b) at the temperature 250 °C 

The analysis of the examination results shown in Figure 6 has found that the values of the yield stress of the 

examined alloy obtained from physical modelling are similar to the values obtained from numerical modelling. 

The greatest consistence in yield stress value occurs at the initial stage of the deformation process (up to the 

true strain of 0.6). At greater strain values, differences between yield stress values obtained from physical 
modelling and those obtained from numerical modelling increase. The yield stress values of the examined 

material obtained from physical modelling are greater than those derived from numerical modelling. This might 

be caused by the effect of examined alloy temperature on the yield stress magnitude. During numerical 

modelling of the process of bar rolling on the three-high reeling mill, an increase in the temperature of examined 

bars was observed with the increase in preset plastic deformation. By contrast, physical modelling of the 

examined rolling process was conducted at a constant deformed specimen temperature. In the case of physical 
modelling of the three-high skew mill rolling process at the temperature 200 °C (Figure 6a), the maximum yield 

stress was approx. 180 MPa. In turn, for specimens deformed at the temperature 250 °C (Figure 6b), the 

maximum yield stress value was approx. 160 MPa. From the obtained numerical and physical modelling results 
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it was found that increasing the deformed AlZn5.5MgCu alloy temperature from 200 °C to 250 °C caused a 

reduction in yield stress value by approx. 18% in either case. 

From the material after physical modelling, specimens were made for the examination of the grain size at the 
sub-surface zone and in the middle of each specimen (Figure 7). From the results of the metallographic 

examination of specimens after physical modelling it was found that the greatest microstructural refinement 
had been obtained in the sub-surface zone, for both specimens (Figures 7a and 7b). The grain size in those 

regions was, respectively, 1.85 and 1.44 μm for specimens deformed at 200 °C and 250 °C. In the central 
zone of the specimens (Figures 7c and 7d), these values were 4.0 and 1.85 μm, respectively. It was found 

that the microstructure of specimens deformed at 250 °C was characterized by greater grain refinement in the 

examined zones and a more uniform microstructure, compared with specimens deformed at a lower 

temperature, which could have resulted from recrystallization phenomena occurring in the investigated alloy. 

a) b) c) d) 

    

Figure 7 Microstructure of AlZn5.5MgCu aluminum alloy specimens after physical modelling: deformed at 

200 °C (a, c) and 250 °C (b, d), in the sub-surface zone (a, b) and in the middle (c, d) of the specimen. 

From the material after physical modelling, specimens were also made for the examination of microhardness 
distributions (Figure 8) on the cross-section and the longitudinal section. For microhardness tests, a Future-

Tech microhardness tester was employed. The tests were conducted by the Vickers method under a load of 

2.94 N with an iteration time of 5 s. 

 

Figure 8 Distributions of microhardness of AlZn5.5MgCu alloy specimens deformed at 200 °C and 250 °C 

The analysis of the AlZn5.5MgCu alloy specimen microhardness distributions found that the highest 

microhardness was exhibited by regions lying at the specimen surface, while the lowest - in the specimen 

centre. This microhardness distribution was caused by the strain distribution on the deformed material cross-

section, being characteristic of the torsion process. A similar strain distribution occurs also in the process of 
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rolling on the three-high reeling mill. In both cases, the largest strains occur in sub-surface regions, while 

smallest strains, in the deformed material axis. For specimens deformed at 200 °C, the maximum 

microhardness values were 87 HV on the cross-section and 89 HV on the longitudinal section. The smallest 

microhardness values of the investigated alloy amounted to 71 HV on the cross-section and 81 HV on the 

longitudinal section. A similar distribution of AlZn5.5MgCu alloy microhardness was also observed for 

specimens deformed at 250 °C. In that case, the maximum microhardness values were 82 HV on the cross-

section and 86 HV on the longitudinal section. The smallest microhardness values of the investigated alloy 

were in that case 74 HV on the cross-section and 75 HV on the longitudinal section. 

The investigation results reported in this paper correspond with high accuracy to the results obtained for the 

AlZn5.5MgCu alloy after the three-high skew mill rolling process carried out in laboratory conditions, which are 

described in detail in paper [4]. On this basis it has been found that the performed physical modelling of the 

process under examination reproduces with high accuracy the phenomena occurring in the actual rolling 

process. 

4. CONCLUSIONS  

By analyzing the results of physical modelling of the process of rolling AlZn5.5MgCu aluminum alloy bars on 

the three-high reeling mill, the following conclusions have be drawn: 

• increasing the testing temperature from 200 °C to 250 °C resulted in a reduction in the value of the yield 

stress of the investigated material by approx. 18% and a more uniform microhardness distribution on 

the cross-section and longitudinal section of deformed specimens, compared to the results obtained at 

the temperature 200 °C;  

• lowering the level of the yield stress of the investigated aluminum alloy being deformed at 250 °C has 
caused a reduction in the energy and force parameters necessary for carrying out the real process of 

rolling on the three-high skew mill; 

• the metallographic analysis of specimens after physical modelling has revealed a more uniform and 

fine-grained microstructure of specimens deformed at the temperature 250 °C;  

• the application of a complex deformation scheme using an STD 812 plastometer enables the verification 

of numerical modelling results and also allows the examined process to be physically reproduced with 

high accuracy. 
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Abstract 

The as-cast AA5754 and AA6082 alloys with Sc,Zr-addition were investigated during isochronal annealing 

from room temperature up to 510 °C. Precipitation reactions were studied by electrical resistivity, hardness 

measurements and differential scanning calorimetry. The measurements were compared to microstructure 

development that was observed by transmission electron microscopy. Higher initial resistivity as well as 

hardness values are probably caused by a higher content of the solutes in the AA5754-ScZr alloy in 

comparison with the latter alloy. Both alloys contains spherical particles of the Al3(Sc,Zr) phase in the as-cast 

state. Moreover, the AA6082-ScZr alloy contains Mg,Si,Sc-containing phase at grain boundaries and 
rods/needles of the Mn,(Fe)-containing phase. The transient Al-Mg-Si-phase (β’’ and/or β’) particles formed 

during isochronal annealing in the AA6082-ScZr alloy cause a poor age hardening. The additional Al3(Sc,Zr) 

particles precipitation causes a pronounced hardening in the AA5754-ScZr alloy. The possible (weak) 

additional precipitation of the Al3(Sc,Zr) particles in the AA6082-ScZr alloy has a lower effect on hardness than 

the precipitation of β’’ and β’ phases or Sc and Zr solutes are probably bound in the Al3(Sc,Zr) particles and 

do not influence precipitation hardening in the course of isochronal annealing in the AA6082 alloy. The 

precipitation of the Al6(Mn,Fe)-phase was observed in the alloys during the isochronal heat treatment. The 
apparent activation energy values of precipitation of the transient β’’ and/or β’ phases, Al6(Mn,Fe)-phase and 

Al3(Sc,Zr) phase were determined. 

Keywords: Electrical resistivity, DSC, TEM, Al-Mg-Si system, Al3(Sc,Zr) phase 

1. INTRODUCTION 

Al-based alloys are very preferred for automotive manufacture to produce lightweight vehicles [1-3]. 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 Al-Mg-based alloys exhibit a reasonable solid 

solution hardening, but only a poor age hardening [3, 4]. Al-Mg-Si-based alloys are widely used as structural 

materials in automotive and aviation industry [5]. Mixture of Mn, Cr and Fe is the most widely used combination 

of metals in commercial Al-based alloys [1, 5, 6]. Properties of the Al-based alloys (AA5XXX and 6XXX series) 

logically depend on chemical composition, mainly on Mg and Si content and on the heat treatment of the 

studied alloys [4-6]. Despite a number of investigations of Al-Mg-, Al-Mn-, Al-Mg-Si- as well as Al-Sc-Zr-based 

alloys there are considerably less systematized data about the effect of Sc,Zr-addition on phase transformation 

in the commercial Al-based alloys. An understanding of the complex interactions between concurrent 

precipitation processes requires further investigation [5, 6, 8]. 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. 
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2. MATERIALS AND METHODS 

The as-cast Al-3.5 wt.% Mg-0.3 wt.% Mn-0.2 wt.% Si-0.2 wt.% Fe-0.1 wt.% Cu-0.1 wt.% Cr-0.25 wt.% Sc-0.12 

wt.% Zr (AA5754-ScZr) and Al-0.8 wt.% Mg-0.7 wt.% Mn-0.9 wt.% Si-0.2 wt.% Fe-0.1 wt.% Cu-0.1 wt.% Cr-

0.20 wt.% Sc-0.11 wt.% Zr (AA6082-ScZr) alloys were studied. The temperature ranges of phase 

transformations in the alloys were determined by electrical resistivity (measured at 77 K) and hardness (HV10) 

measurements (measured at 295 K) from room temperature (RT) up to 510 °C. The annealing was carried out 

in an oil bath (up to 240 °C) or in a furnace with protective atmosphere (at higher temperatures); each annealing 

step was finished by a quenching. Samples of the alloys for resistivity and hardness measurements were 

studied during the isochronal annealing procedure (steps of 30 K / 30 min) which was performed exactly in the 

same way as described in [6, 8]. 

The thermal behaviour of the alloys were 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. A specimen 

of mass between 10-20 mg was placed in Al2O3 crucibles. Nitrogen flowed at the rate of 40 ml/min as a 

protective atmosphere. 

The measurements mentioned above were compared to microstructure development observed by 

transmission electron microscopy (TEM) microscopy. TEM observations were carried out in JEOL JEM 

2000FX microscope to determine the microstructure of the alloys. The analysis of precipitated phases was 

complemented by energy-dispersive spectroscopy (EDS) performed by X-ray BRUKER microanalyser. 

3. RESULTS AND DISCUSSION 

Figure 1 Isochronal annealing curves of relative resistivity changes (measured at 77 K) and hardness 

∆HV10 changes (measured at RT): a) AA5754-ScZr alloy, b) AA6082-ScZr alloy. 

The response of the relative resistivity Δρ / ρ0 and hardness ∆HV10 changes to step-by-step isochronal 

annealing in the AA5754-ScZr and AA6082-ScZr alloys are shown in Figure 1. The initial values of absolute 

resistivity values were calculated as ~ 41 nΩ·m for the AA5754-ScZr alloy and ~ 29 nΩ·m for the AA6082-

ScZr alloy, respectively. Higher initial resistivity value is probably caused by a higher content of the solutes in 

the AA5754-ScZr alloy. The different initial values of hardness HV10 of the AA5754-ScZr alloy (HV10 = 85±4) 

compared to the AA6082-ScZr alloy (HV10 = 71±4) probably reflect also an effect of solutes content. 

The resistivity annealing curve of the AA5754-ScZr continuously decreases up to the end of the annealing. No 

changes in hardness during the annealing up to ~240 °C were observed. HV10 increases in the temperature 

range of 240-330 °C, after that the HV10 values of the alloy decrease significantly. 

The electrical resistivity curve for the AA6082-ScZr alloy exhibits two distinct resistivity stages. Resistivity 

decreases in the first stage in the temperature range 200-300 °C and it corresponds to a slight peak in 

a)  b)  
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hardness. The main decrease of electrical resistivity is realized in the temperature range 390-480 °C but this 
process does not lead to a distinct precipitation hardening (see Figure 1). 

Both as-cast alloys contain the Al3(Sc,Zr) particles with the L12 structure [6, 8]. No other particles were 

observed in the AA5754-ScZr alloy [8]. However, the sample of the AA6082-ScZr alloy also contains rods and 

needles of the Mn(,Fe,Si)-containing phase with the size of ~ 500 nm. No weak diffraction spots enabling 

identification of crystallographic structure of this phase were detected in electron diffraction (ED) patterns. This 
is consistent to the results from Ref. [6]. An overview of the AA6082-ScZr alloy is shown in Figure 2 (notice 

weak reflections of the L12 phase in ED pattern). 

 

Figure 2 TEM image of the AA6082-ScZr alloy in the as-cast state. See small particles of the Al3(Sc,Zr) 

phase and rods and needles of the Mn(,Fe,Si)-containing phase. 

The DSC measurements were done in the alloys in addition to electrical resistivity and hardness HV10 

measurements. Two exothermal processes (labelled as I-effect and II-effect) in both alloys were detected. The 

maximum heat flow for heating rate 1 K/min was observed at characteristic temperatures Tf equal to ∼292 °C, 

∼400 °C in the AA5754-ScZr alloy and ∼237 °C, ∼413 °C in the AA6082-ScZr alloy, respectively. With 

increasing heating rates the temperature Tf is shifted to higher temperatures. The DSC exothermic peaks of 

the I-effect correspond to the hardness increase in the AA5754-ScZr (~300 °C) and AA6082-ScZr alloy  

(~ 240 °C), respectively. On the basis of the obtained results, the apparent activation energy for individual 

processes was determined by the Kissinger method [9] (see Figure 3) in the coordinate system of [ln(δ / Tf2); 

1 / Tf], where δ is the heating rate with the result of QI = 120±6 kJ·mol−1, QII = 180±20 kJ·mol−1 for the AA5754-

ScZr alloy and QI = 120±20 kJ·mol-1, QII = 170±20 kJ·mol-1 for the AA6082-ScZr alloy, respectively. 

Precipitation of the needle-shaped β’’ phase and/or rod-shaped β’ phase from the Al-Mg-Si system in the 

AA6082-ScZr alloy was observed by TEM after isochronal annealing up to ~240 °C (see Figure 4). This is the 

reason of the peak hardening at this temperature range. The peak hardening is very poor (~5 %) which was 

also observed in a cast AlMgSiMn alloy of a similar composition (~12 %) [6]. However, there is also another 

explanation, namely that Mg, Si and Sc are mainly incorporated in the Al(Mg,Si,Sc)-containing phase (see 
Figure 4) which is formed after casting. Therefore Mg, Si and Sc are probably excluded from the possible 

precipitation formation. These particles can also be large enough to get out of the TEM film during polishing. 

The calculated apparent activation energy for the I-effect in the AA6082-ScZr alloy is comparable to the values 

for the transient Mg-Si phase formation that were reported for the alloys without Sc,Zr-addition in literature (65-

128 kJ/mol) [6, 10]. It is good noticing that particles of the Al3(Sc,Zr) phase persist unchanged during the 

annealing in both alloys. No microstructural changes were observed in the AA5754-ScZr alloy annealed up to 

240 °C. 
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Figure 3 Kissinger plot in the coordinate system of [ln(δ / Tf2); 1 / Tf] of the effects in the AA5457-ScZr and 

AA6082-ScZr alloy 

a)  b)   

Figure 4 a) SEM image of the AA6082-ScZr alloy in the as-cast state. See the areas with a high total 

Mg,Si,Sc content. b) TEM image of the AA6082-ScZr alloy isochronally annealed up to 240 °C. See particles 

of the Al3(Sc,Zr) phase and needle-shaped β’’ phase and/or rod-shaped β’ phase from the Al-Mg-Si system. 

Temperature position of the hardness increase in the AA5754-ScZr (~ 300 °C) does not differ from that 

observed in the Al-Sc-Zr as well as Al-Mn-Sc-Zr alloys [1]. This hardening was found to be caused by an 

additional precipitation of the Al3(Sc,Zr) particles. Moreover, in our previous study (see Ref. [8]) an additional 

precipitation of the L12-structured Al3(Sc,Zr) particles in a very weak contrast was detected by TEM and ED in 

the cold-rolled AA5754-ScZr alloy isochronally annealed up to 330 °C. This dispersion causes the observed a 

slight increase of the conductivity and pronounced hardening in the cold-rolled alloy at this temperature range 

(240-330 °C) [8]. No other precipitates were observed in the cold-rolled AA5754-ScZr alloy at 300 °C [8]. Thus 

it is highly probable that the slight resistivity decrease and hardness increase can be ascribed to this process 

in the as-cast AA5754-ScZr alloy, too. This conclusion also supports the fact that the calculated value of the 
activation energy Q of the observed I-effect in the AA5754-ScZr alloy is comparable within experimental scatter 

to the apparent activation energy Q for precipitation of the Al3(Sc,Zr) phase in the Al-Mn-Sc-Zr alloy 116±9 

kJ·mol-1 as well as in the cold-rolled AA5754-ScZr alloy 113±8 kJ·mol-1[6, 8]. From these facts one can also 

conclude that the possible (weak) additional precipitation of the Al3(Sc,Zr) particles in the AA6082-ScZr alloy 

has a lower effect on hardness than the precipitation of β’’ and β’ phases and/or Sc and Zr solutes are probably 

(mainly) bound in the Al3(Sc,Zr) particles and do not influence precipitation hardening in the course of 

isochronal annealing in the AA6082 alloy. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1609 

The main resistivity decrease in the AA6082-ScZr alloy starts at ~390 °C (see Figure 1b). With respect to the 

solubility limits of Mg, Si, Fe, Sc and Zr at comparable temperatures [1], it is obvious that the resistivity 

development in the AA6082-ScZr alloy at annealing temperatures above ∼360 °C must be mainly associated 

with the other solutes. Indeed, a dense precipitation of oval orthorhombic Al6Mn phase (or its modifications 
(Al12Mn3Fe3, Al6(Mn,Fe) and Al6(Mn,Fe,Si)) with the size of 10-100 nm was observed by TEM (see Figure 6a 

in Ref. [6]). In our previous study (Ref. [6]) it was also observed that the precipitation of the Mn-containing 
particles has a negligible effect on hardness contrary to particles of the β’’ and β’ phases from the Al-Mg-Si 

system. The assumption of the Al6Mn particle formation is confirmed by the calculated apparent activation 
energy value QII = 170±20 kJ·mol-1 in the studied AA6082-ScZr alloy - the value corresponds very well to the 

value for Al6Mn-phase precipitation 162±22 kJ·mol-1 in the cold-rolled AlMnScZr alloy [6] and also to the value 

166±16 kJ·mol-1 reported for cold-rolled AA5754-ScZr alloy [8]. 

Now, we should note that the resistivity as well as hardness curves of the AA5754-ScZr alloy at temperatures 
above ~ 330 °C exhibit a continuous decrease (see Figure 1a). It must be mentioned that in the 5754-typed 

Al commercial alloys the precipitation sequence of the Al-Mg and/or Al-Mg-Si system can be observed [4, 6]. 

On the other hand the precipitation of the Mn,Fe,Cr-containing particles was observed in the AA6082-typed 

commercial alloys [6]. In view of the fact that the precipitation of the Mn(,Fe,Cr)-containing as well as Mg-

containing (e.g. Al3Mg2 phase) particles has no significant effect on hardness [6] the changes in resistivity and 

hardness curves of the studied AA5754-ScZr alloy at temperatures above ~360 °C are probably connected 

with precipitation of the particles containing Mg (from Al-Mg system) and Mn,Fe,Cr-containing particles with a 

concurrent coarsening of the Al3(Sc,Zr) particles. The value (as well as temperature range) of the apparent 
activation energy of the II-effect (see Figure 3) in the AA5754-ScZr alloy agrees with the activation energy for 

precipitation of the Mn-contaning particles. It indicates that the Mn(,Fe,Cr,Si)-containing particle precipitation 

prevails over the others, e.g. the apparent activation energies for the precipitation of metastable and/or stable 

Al3Mg2 and/or Mg2Si phase were observed lower during linear heating 70-140 kJ·mol-1. Unfortunately, the 

activation energy must be identified with individual nucleation and growth steps in a transformation. Owing to 

the possible overlapped effects, the exact positions of the beginning and ending of the for example thermal 

peaks cannot be determined. Thus, the analysis of the activation energy of the II-effect in the studied AA5754-

ScZr alloy above ~ 360 °C becomes uncertain. Due to the large number of admixtures, the character of 

precipitation changes in the studied alloys cannot be described in detail only on the basis of resistivity, thermal 

and hardness measurements. More (especially microstructural) research is needed to determine specific 

phase transformations. 

4. CONCLUSIONS 

Results of characterization of the commercial AA5754 and AA6082 alloys with Sc,Zr-addition by electrical 

resistometry, thermal analysis, hardness testing and electron microscopy, can be summarized in the following 

points:  

• Higher initial resistivity as well as hardness values are probably caused by a higher content of the solutes 

in the AA5754-ScZr alloy in comparison with AA6082-ScZr alloy.  
• The as-cast alloys contains spherical particles of the Al3(Sc,Zr) phase. Moreover, the as-cast state of 

the AA6082-ScZr alloy contains rods and needles of the Mn,(Fe)-containing phase. 

• The transient Al-Mg-Si-phase (β’’ and/or β’) particles formed during isochronal annealing in the AA6082-

ScZr alloy cause a poor age hardening. The additional Al3(Sc,Zr) particles precipitation causes 

pronounced age hardening in the AA5754-ScZr alloy. The possible (weak) additional precipitation of the 

Al3(Sc,Zr) particles in the AA6082-ScZr alloy has a lower effect on hardness than the precipitation of β’’ 

and β’ phases. It is also possible that Sc and Zr solutes are probably bound in the Al3(Sc,Zr) particles 

and do not influence precipitation hardening in the course of isochronal annealing in the AA6082 alloy. 
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• The apparent activation energy value of precipitation of the transient β’’ and/or β’ phase was determined 

as 120±20 kJ⋅mol−1 in the AA6082-ScZr alloy. 

• The apparent activation energy value of precipitation of Al3(Sc,Zr) phase was determined as (120 ± 6) 

kJ⋅mol−1 in the AA5754-ScZr alloy.  

• The pronounced precipitation of the Al6(Mn,Fe)-phase was observed in the alloys during the isochronal 
heat treatment. The apparent activation energy for the Al6(Mn,Fe)-phase precipitation was determined 

as ~175 kJ⋅mol−1. Nevertheless, the precipitation of these particles has a negligible effect on hardness. 
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Abstract  

Hot-compression tests of the alloys Ni-Al-Zr were performed. The tests were performed on the equipment 

Gleeble 3800 at 800 °C. The Ni3Al based alloys with different content of zirconium were tested in as-cast and 

directionally solidified state. Solidified samples were prepared from castings by Bridgman’s method. The alloys 

exhibit good values of yield strength and maximal achieved stress for this type of material. The alloys in 

directed state have better values of yield strength then as-cast alloys. The structure of alloys depends on the 

aluminum content. The alloys with 24 at.% Al are formed by phases Ni3Al and Zr-rich phase Ni5Zr. The 

hypostoichiometric alloys are formed by phases Ni3Al, (Ni) and Zr-rich phase Ni5Zr.  

Keywords: Compression tests, high temperature characteristics, Ni-Al-Zr Alloys, Bridgman’s method 

1. INTRODUCTION 

The Ni3Al based alloys are modern engineering material. They are used both in cast form with heat treatment, 

and also after directional solidification for engine turbine blades, for example as part of composite materials. 

Nowadays it is possible to produce even thin foils and strips for high tech devices. Ni3Al-based alloys are used 

for less demanding applications at higher temperatures [1-4]. Zirconium is a suitable alloying element in nickel 

alloys designed for high temperature applications. The zirconium content in Ni3Al-based alloys may vary 

depending on the use of other alloying elements. The research has shown that alloys alloyed with zirconium 

have an increased intergranular strength and limited segregation of impurities at the grain boundaries. It is 

possible to eliminate the influence of sulphur, which in the subsequent reaction forms sulphides, which can 

cause high temperature cracking. Zirconium in intermetallic alloys also helps to increase ductility at high 

temperatures while increasing resistance to high temperature creep [5,6]. Other research results have shown 

that heat treatment is indispensable for process for production of the Ni-Al-Zr intermetallic alloys. Heat 

treatment of alloys has a principal influence on the microstructure and mechanical properties of the resulting 

product [6-8]. For the alloys containing 0.26 and 0.41 at.% Zr, it was determined that the structure contained 

γ-Ni5Zr eutectics [9]. Study the hot deformation behavior of Ni3Al-based alloy, hot compression tests were 

conducted in the temperature range of 1050 -1250 °C with the strain rates 0.01-10 s-1. With the increase in 

deformation temperature and the decrease in strain rate, flow stress of the Ni3Al-based alloy would be 

decreased [10]. 

2. EXPERIMENTAL 

For experiment were used nickel alloys with different content of Zr and Al. The contents of these elements 

were 0.5 or 1.0 at.% of zirconium and 22 or 24 at.% of aluminum. The Ni3Al based alloys were 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 melting and solidified under a 5N 

argon atmosphere. 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). The prepared samples were used for determination of the selected mechanical properties in compression. 
Characterization of Ni-Al-Zr alloys is shown in Table 1. 
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Figure 1 Sample of Ni-Al-Zr alloy in directed state 

The micro-hardness values presented in Table 1 show that the micro-hardness of these alloys is dependent 

on method of the sample preparation and on the zirconium content in the alloy. The directed samples appear 

to exhibit lower micro-hardness than the samples that have as-cast structure. The zirconium content in the 

investigated alloys has also an effect on micro-hardness, which is not so significant. The highest micro-

hardness was achieved in the cast sample 2C with the highest aluminium and zirconium content. The lowest 

values had the directionally solidified samples containing 0.5 at.% Zr. Micro-hardness is therefore higher in the 

cast samples and also in the samples with higher zirconium contents. The indents after the measurement are 
shown in Figure 2. 

Table 1 Characterization of Ni-Al-Zr alloys  

Alloy Sample No. Composition  
(at.%) 

Rate of DS 
(mm/h) 

Microhardness  
HV0.05 

1 
1C 

Ni-24Al-0.5Zr 
- 260 ± 6 

1S 50 239 ± 13 

2 
2C 

Ni-24Al-1Zr 
- 271 ± 10 

2S 50 241 ± 13 

3 
3C 

Ni-22Al-0.5Zr 
- 261 ± 10 

3S 50 235 ± 07 

4 
4C 

Ni-22Al-1Zr 
- 265 ± 10 

4S 50 246 ± 12 

     

Figure 2 Measurement of microhardness: Ni-24Al-1Zr alloy - as-cast (left) and directed state (right) 
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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 °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 ǫmax (true strain corresponding to the σmax). Table 2 summarises the values of mechanical 

characteristics in compression tests at 800 °C. Figure 3 shows compressive stress-strain curves. 

Table 2 Compressive mechanical characteristics  

Sample C/S 
Rp 

(MPa) 

σmax 

(MPa) 

ǫmax 

(-) 

1C C 637 1274 0.33 

1S S 780 1021 0.18 

2C C 667 1283 0.35 

2S S 880 1261 0.25 

3C C 625 1216 0.34 

3S S 640 1091 0.28 

4C C 635 1129 0.32 

4S S 745 1156 0.37 

 

Figure 3 Compressive stress-strain curves at 800 °C 
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It can be stated from the established values found, that the test samples in the as-cast state achieved higher 

values of maximum stress, but lower values of yield strength than the samples that were directionally solidified. 

In both types of Ni-Al-Zr samples mechanical properties increases with a simultaneous increase of percentage 

of zirconium and aluminum contents. The directionally crystallised alloy with the highest content of aluminum 

and zirconium reached an yield strength of approx. 800 MPa and the maximum actual stress value reached 

over 1200 MPa. On the other hand, the alloy with the same composition, but in the as-cast state, with the 

highest contents of aluminum and zirconium, reached a yield strength of approx. 600 MPa and a maximum 

stress of approx. 1300 MPa. Evolution of stress-strain curves under compression in as-cast and solidified 

samples has very similar character. It seems that solidified alloys have a higer yield strength. The solidified 

alloy Ni-24Al-1Zr exhibits the best values, namely a yield strength 880 MPa and maximum peak value of the 

real stress σmax 1261 MPa with a true strain corresponding to the σmax 0.25. Mechanical compression 

characteristics of similar alloys [11] were established already previously. Compared to the alloys based on 

Ni3Al and Ni-Al-Mo, the Ni-Al-Zr based alloys show better values of yield strength and of the maximum 

achieved stress. 

2.2. Evaluation of structural characteristics 

The structure of the as-cast alloys is dendritic. Figure 4 shows macrostructures of alloys in the directed state 

in cross (circular views) and longitudinal sections (rectangular views). It is evident on the transversal and 

longitudinal cuts, that structure of solidified samples is formed by long columnar grains. Figure 5 shows 

selected micro-structures of alloys containing 22 at.% of Al and zirconium. This alloy is formed by several 

phases. 

 

Figure 4 Macrostructures of the samples in directed state, transversal and longitudinal direction: a) 1S, b) 

2S, c) 3S, d) 4S 
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Figure 5 Microstructures of the samples in directed state, transversal:  

a) 3S, d) 4S  

An EDS analysis was performed in order to verify the composition of the alloys and for the determination of 

the phases occurring in the structure. It has been found that the average chemical composition of the prepared 

experimental alloys does not differ fundamentally from the desired chemical composition. Table 3 presents 

the average values of Ni, Al and Zr elements. Four types of phases were identified in the structures. The alloys 

Ni-Al-Zr are formed by Ni3Al and eutectic regions with Zr-rich phase. Phase Ni3Al occurs with different content 

of zirconium - without Zr and with dissolved zirconium (about 2-3 at.% of Zr). Zr-rich phase occurs in all type 

of the alloys with content of Zr about 13-17 at.%. It was established with the use of the ternary diagram [12], 

that it was probably the phase Ni5Zr. The hypostoichiometric alloys are formed by (Ni) phase too. The set 

values of Ni and Al do not correspond completely to the assumed content for solid Ni solution according to the 

binary diagram [13]. With regard to previous TEM analyse [14,15], where individual phases including the 

network were determined very precisely, it can be assumed that this was the phase (Ni). This phase, however, 

has very small dimensions and it contains Ni3Al precipitates. For this reason, the measurement might have 

been influenced by the surrounding phase and by very small Ni3Al particles occurring within the mesh, thereby 

increasing the aluminium content. The sample 2C in the as-cast state contains sporadically the phase with 

composition Ni63.32-Al36.68 at.%. This phase according to the binary diagram corresponds to the Ni5Al3 

phase, which can occur. The views and description of individual phase in the alloys Ni-24Al-0.5Zr, Ni-24Al-1Zr 

and Ni-22Al-0.5Zr are presented in Figures 6 a-c.  

 

Figure 6 View and description of phases of the alloys 1S, 2S and 3S 

a) b) c) 

500 μm  500 μm  
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Table 3 Chemical analysis of individual phases (EDS) 

Alloy Average content of elements (at.%) 

Ni Al Zr Ni Al Zr Ni Al Zr Ni Al Zr 

Ni-24Al-0.5Zr 73.38 26.42 0.16 73.84 23.87 2.29 81.96 2.41 15.63 - - - 

Ni-24Al-1Zr 73.71 26.02 0.27 73.75 23.63 2.62 79.46 3.44 17.10 - - - 

Ni-22Al-0.5Zr 74.57 25.22 0.21 75.41 22.29 2.30 83.22 3.21 13.57 84.16 15.85 - 

Ni-22Al-1Zr 74.97 24.69 0.34 75.48 22.61 1.91 84.03 1.54 14.43 83.38 16.12 - 

Phase Ni3Al Zr-rich Ni3Al Ni5Zr (Ni) 

2.3. Evaluation of structure after compression tests 

Figure 7 shows the samples after compression tests performed at a temperature of at 800 °C. Figure 7 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. 

Figure 7 The samples after compression tests - directed state 

3. CONCLUSION 

The alloys exhibit good values of yield strength and maximal achieved stress for this type of material. The 

alloys in directed state have better values of yield strength then as-cast alloys. The micro-hardness values 

show that the micro-hardness of these alloys is dependent on method of the sample preparation and on the 

zirconium content in the alloy. The samples in the as-cast state achieved higher values of maximum stress, 

but lower values of yield strength than the samples that were directionally solidified. In both types of Ni-Al-Zr 

samples mechanical properties increases with a simultaneous increase of percentage of zirconium and 

aluminum contents. The directed samples appear to exhibit lower micro-hardness than the samples that have 

as-cast structure. The structure of alloys depends on the aluminum content. The alloys with 24 at.% Al are 

formed by phases Ni3Al and Zr-rich phase Ni5Zr. The hypostoichiometric alloys are formed by phases Ni3Al, 

(Ni) and Zr-rich phase Ni5Zr. Structure of solidified samples is formed by long columnar grains. The solidified 

alloys have a fragile character of a fracture. 

Ni-22Al-0.5Zr Ni-22Al-1Zr 

Ni-24Al-0.5Zr Ni-24Al-1Zr 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1617 

ACKNOWLEDGEMENTS   

This paper was created at the Faculty of Metallurgy and Materials Engineering within the Project 
No. LO1203 "Regional Materials Science and Technology Centre - Feasibility Programme" funded by 
the Ministry of Education, Youth and Sports of the Czech Republic, the project SP 2018/60 “Specific 

Research in the Metallurgical, Materials and Process Engineering”and the project SP 2018/100 
“Preparation and optimization of properties of alloys and materials for automotive, electro-technical 

and biomedical applications and possibilities of their recycling”. 

REFERENCES 

[1] WESSEL J. K. Handbook of Advanced Materials: Enabling New Designs. USA, A John Wiley & Sons, Inc., 2004. 

645 p. 

[2] JÓŹWIK, P., POLKOWSKI, W. and BOJAR, Z. Applications of Ni3Al based intermetallic alloys. Current stage and 

potential perceptivities. Materials. 2015. vol. 8, pp. 2537-2568.  

[3] STOLOFF, N. S. and SIKKA, V. K. Physical Metallurgy and Processing of Intermetallic Compounds. Springer 

Science & Business Media. 2012. 684 p. 

[4] SIKKA, V. K. et al. Advances in processing of Ni3Al-based intermetallics and applications. Intermetallics. 2000. 

vol. 8, no. 9-11, pp. 1329-1337. 

[5] JÓŹWIK, P. and BOJAR, Z. Influence of heat treatment on the structure and mechanical properties of Ni3Al - 

based alloys. Archives of Metallurgy and Materials. 2010. vol. 55, no. 1, pp. 271-279. 

[6] LI, Yu-fang, GUO, Jian-ting and SHEN, Yi-fu. Influence of recrystallization and environment on tensile behavior of 

cold-rolled Ni3Al(Zr) alloys. Transactions of Nonferrous Metals Society of China. 2006. vol. 16, no. 2, pp. 368-375. 

[7] HYJEK., P., SULIMA, I. and WIERZBIŃSKI, S. Ductilization of Ni3Al by alloying with boron and zirconium. 

Archives of Materials Science and Engineering. 2009. vol. 9, no. 2, pp. 69-74. 

[8] PODANY, P., NOVY, Z. and DLOUHY, J. Recrystallization behaviour of a nickel-based superalloy. Materiali in 

tehnologie. 2016. vol. 50, no. 2, pp. 199-205. 

[9] MOTEJADDED, H.B., SOLTANIEH, M. and RASTEGARI, S. Dissolution Mechanism of a Zr Rich Structure in a 

Ni3Al Base Alloy. J. Mater. Sci. Technol. 2011. vol. 10, no. 27, pp. 885-892. 

[10] WU, I. et al. Deformation behavior and processing maps of Ni3Al-based superalloy during isothermal hot 

compression. Journal of Alloys and Compounds. 2017. no. 712, pp. 687-695. 

[11] MALCHARCZIKOVÁ, J. et al. Deformation behaviour of Ni3Al based alloys in compression. In METAL 2016: 25th 

International Conference on Metallurgy and Materials. Ostrava: TANGER, 2016. pp. 1486-1491. 

[12] Ni-Al-Zr Phase Diagram, ASM Alloy Phase Diagrams Database [online]. Materials Park, Ohio, USA: ASM 

International, 2009. [viewed 2009-01-04]. Available from https://www.asminternational.org/. 

[13] MICHNA, Š. Aluminium materials and technologies from A to Z. Prešov: Adin. 2007. 613 p. 

[14] MALCHARCZIKOVÁ, J. and KURSA, M. Non-alloyed Ni3Al based alloys - preparation and evaluation of 
mechanical properties. Metalurgija. 2013. vol. 52, no. 3, pp. 309-312. 

[15] MALCHARCZIKOVÁ, J. and KURSA, M. Structural characteristics of Ni3Al based alloys depending on the 
preparation conditions. Metalurgija. 2015. vol. 54, no. 4, pp. 635-638.  

 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1618 

LASER CLADDING NICKEL BASED SUPERALLOY INCONEL 625 

Dmitriy MASAYLO, Anatoliy POPOVICH, Vadim SUFIIAROV, Eugeniy BORISOV, Igor POLOZOV, 
Alexey ORLOV  

National Technology Initiative Center of Excellence in Advanced Manufacturing Technologies at Peter the 

Great St. Petersburg Polytechnic University, Russian Federation, dmasaylo@gmail.com 

Abstract  

This paper represents the layer-by-layer synthesis results of the specimens obtained by laser cladding (LC) 

method. For basic material was used heat-resistant nickel alloy Inconel 625 constituting spherical shape 

powder. Process conditions of the LC was studied which are maintain the stable synthesis process. Structural 

study and mechanical test of specimens were carried out both after the manufacturing process and after the 

heat treatment process. Increasing of the mechanical characteristics possibility due to high-frequency 

vibrations during the synthesis process was studied. 

Keywords: Additive technology, laser cladding, Inconel 625 

1. INTRODUCTION 

The need to reduce the weight of products, save material, as well as improve the performance characteristics 
of products leads to an increase in the complexity of parts, and, consequently, to the technology of 
manufacturing similar products [1-4]. 

Traditionally, for the manufacture of products of complex configuration, foundry technologies or machining 

were used. But these methods have a number of limitations, and, often, are not economically profitable. The 

development of industry requires substantial modernization of existing technologies, including the creation of 

new ones. Additive technologies (AT) play a special role in this. 

AT or layer-by-layer synthesis technologies are currently one of the most dynamically developing promising 

production processes [5-6]. They provide engineers with an innovative approach to the design and 

manufacture of parts. The use of AT in many cases provides greater freedom in the choice of the configuration 

of the product, which allows to optimize the mass and functional parameters of the part due to the use of 

honeycomb, cellular and other complex structures, reducing the thickness of the walls, and combining several 

parts and assemblies into a single design, one whole. One of the promising directions of AT is laser cladding, 

the principle of which is the supply of building material (powder) directly to the reflow zone [7-9]. 

2. MATERIALS AND METHODS OF RESEARCH 

To implement the technology of laser cladding, an installation was developed that contains the following 

components: a cladding head, a source of laser radiation, a powder feeder and a manipulator. 

The cladding head is the main working organ in a laser cladding installation that combines many systems: a 

laser focusing system, a cooling system, a material feeding system and control systems (sensors, cameras, 

etc.). Analysis of the literature data showed that the most interesting is the three-jet cladding head, which is 

produced in the company Fraunhofer with a coaxial supply of protective gas directly to the cladding zone. It 

provides processing angles of up to 900, laser radiation power up to 5 kW, and a maximum material utilization 

factor of up to 95%. 

In accordance with the choice of the cladding head, a fiber laser LS-3 was used - the maximum power was 3 

kW with a wavelength of 1070 nm. 
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At present, there are a lot of companies producing gas-powder mixture feeding modules on the market. All of 

them are built on the same principle of action: the powder is transported by a carrier gas (argon or nitrogen, 

depending on the deposited material). The powder feed is controlled by a rotating dosing disk. With increasing 

rotation speed, a larger volume of powder enters the system. As a result, a powder feeder with two flasks of 

the company "Plakart" was used. 

As an manipulator was chosen industrial robot FanucM20i. This choice is due to its load capacity, a large 
number of degrees of freedom and accuracy of positioning. Figure 1 shows the installation of laser cladding. 

 

Figure 1 Additive installation of laser cladding 

The main parameters of the cladding process are the power of laser radiation, the speed of movement of the 

surfacing head and the amount of powder fed. 

To visualize the spatial structure of gas flows, the Schlieren method (the Tepler method) was used, which 

among the many other methods is the simplest, and the corresponding equipment is inexpensive and 
affordable (Figure 2). Its additional advantage is the ability to visualize weaker optical inhomogeneities. 

 

Figure 2 The essence of the Tepler method, where 1 is a point source of light; 2, 5 - the lens; 3 - the area 

under investigation; 4 - inhomogeneity of the refractive index of the medium; 6 - Foucault's knife; 7 - 

projection lens; 8 - the screen; 9 - shadow image of the inhomogeneity 4 
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The essence of the Tepler method is schematically represented in Figure 2. In its practical implementation, 

preference is given to systems with a parallel ray path through the investigated region, in which the decoding 

of shadow patterns is most simply carried out. The beam of rays from the point source of light (1), the objective 

of the collimator (2) is guided through the object under study (3) and is focused by the camera lens (5) on the 

opaque screen (6) with a sharp edge (Foucault knife), so that the source image is projected on the edge of the 

knife. If there are no optical inhomogeneities in the investigated object, then all the rays are delayed by the 

screen. In the presence of optical inhomogeneity (4), the rays will be scattered by it, and some of them, 

deviating, will pass above the edge of the knife. By placing the projection lens (7) behind the knife, one can 

build on the screen (8) an image (9) of those inhomogeneities that scattered the rays. 

Visualization of powder flows was carried out using a high-speed video camera HX-4 Memrecam (Nac, USA) 

with a macro lens (NikkorLens AF-S VR Micro-Nikkor 105 mm). The camera provides visualization of surfacing 

processes with a spatial resolution of 1280 x 960 pixels and a speed of up to 6000 fps. When the resolution is 

reduced to 640 x 480 pixels, the shooting speed is achieved up to 23000 fps. 

As the starting material, a superalloy Inconel 625 was used with a fractional composition of 45-125 μm of 
spherical shape (Figure 3). 

  

Figure 3 Photos of powder particles Inconel 625 

To study the mechanical characteristics (hardness), a universal hardness tester ZwickRoell ZHU was used. 

The thermal treatment was carried out in argon (4N) at a temperature of 1200 °C with an exposure of 1 hour 

and cooling in air. Also in the work, vibration treatment was tested directly in the process of cladding [10-12]. 

The substrate on which the samples were grown was fixed to a vibrating table with a maximum oscillation 

frequency of 400 Hz. 

3. RESULTS AND DISCUSSION 

According to the described method, the structure of gas flows in the cladding head was studied. Figure 4 

shows the structure of the protective flow at different gas flow rates in the range from 10 to 16 l/min.  
Figure 4a shows that as the shield gas volume flow increases from 10 to 16 l/min, the length of the laminar 

portion of the protective gas flow is reduced. The entry of the focal point of traffic flows into the zone of 
turbulence of the protective flow leads to its destabilization. In addition, as shown in Figure 4b, excess 

shielding gas consumption can lead to spatial defocusing of traffic flows. 
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Figure 4 The scrolling images of the shielding gas flow from its volumetric flow, where a is the transport 

flow is absent and b - the transport flow is 3 l/min 

To find the optimal ratio between the costs of shielding and transport gas, Schlieren images of gas flows in a 

three-jet nozzle were recorded with a variation in the protective gas flow rate in the range from 10 to 16 l/min 

and transport gas in the range from 1 to 5 l/min. 

Figure 5a shows the Schlieren images of the flows when the volumetric flow rate of the transport gas is varied 

horizontally and the protective gas is used vertically. Low transport gas costs in the range from 1 to 2 l/min do 

not provide optimal focusing at any values of protective gas flow (from 10 to 16 l/min). The slowly moving 

transport stream is easily deflected by the protective flow and destabilized in its turbulent zone. 

With a further increase in the transport gas flow rate up to 3 l / min, the conditions for optimal focusing are 

realized for a minimum protective gas flow. However, an increase in the protective gas flow rate of more than 

10 l/min results in a spatial defocusing. To work with large protective flows, it is necessary to increase the 
transport gas consumption. In Figure 5a, the red lines indicate the area of optimal focusing of traffic flows. 

Using the obtained data it is possible, knowing the transport gas flow, to choose the appropriate value of the 

protective gas flow, which ensures optimal focusing. 

a.  b.  

Figure 5 Optimizing the flow of shielding and transport gas in a three-jet nozzle 
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Figure 5b shows frames of high-speed visualization of gas-powder fluxes in a three-jet surfacing head for 

different values of the volumetric flow rate of protective (10-16 l/min) and transport gas (2-5 l/min). Variation of 
the shielding gas consumption in Figure 5b occurs vertically, and transport gas - horizontally. It can be seen 

that with a small consumption of the shielding gas, after the collision of the three powder streams, a fairly 

uniform distribution of particles in the plume is formed, the degree of scattering of the flow increasing with 

increasing transport gas flow. As the protective gas expands, the extent of the focal region increases 

insignificantly, and the degree of scattering of the powder decreases. The region of optimal values of transport 

and shielding gas flow rates, from the point of view of precision laser cladding, is shown in  
Figure 5b with a red perimeter. Within this perimeter is realized the sharpest focusing of the gas-powder flow. 

The development of the laser cladding regime was carried out at a laser spot diameter of 2 mm, the distance 

from the substrate to the surfacing head was 12 mm, the shield gas consumption was 12 l/min, and the 

transport gas was 2 l/min. 

During the processing of the regimes, parameters such as the laser power, the speed of the deposition of the 
cladding head, and the amount of the powder fed varied. Table 1 shows the regime in which a stable process 

of surfacing the high-temperature Inconel 625 alloy takes place. 

Table 1 Parameters of laser cladding regime for Inconel 625 (stable process) 

Laser power 

(W) 

speed 

(mm/s) 

Amount of powder 

(g/min) 

Speed of transport gas 

(l/min) 

Protective gas 

speed (l/min) 

Lifting height 

(mm) 

1200 12 18.3 2 12 0.6 

Then, according to the optimal regime, single-pass walls were made (Figure 6).  

 
Figure 6 Single-pass walls of the Inconel 625 alloy 

The grinds for studying the microstructure were made in two directions: along and across the growing direction. 

The etching of the sections was carried out in a solution of hydrochloric and nitric acid with the addition of ferric 
chloride. Photos of the microstructure are shown in Figure 7. 
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a.  b.  

c.  d.  

Figure 7 The microstructure images of compact samples from the Inconel 625 alloy with a magnification of 

100, where: a-along the cladding direction, non-HT, b - across the cladding direction, non - HT, c - along 

the cladding direction, after HT, d - across the cladding of growing, after HT 

On the images of the microstructures of the samples, columnar dendrites of the first, second and third kind, 

elongated along the cladding direction, are seen. Significant changes in the structure after heat treatment did 

not occur. A small enlargement of the dendrites indicates the start of the homogenization process. 

a.  b.  
Figure 8 Images of the microstructure of compact samples from the Inconel 625 alloy with a magnification 

of 100 with vibration processing, where: a - is along the cladding direction, b - is across the cladding 

direction 
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The influence of vibration treatment on the structure and properties of samples was investigated. The platform 

was fixed on a vibration table with a frequency of oscillations of 400 Hz. A flat sample was cladding which was 
then sawn and pressed. Figure 8 shows the microstructure of the resulting samples. 

Analysis of the images shows that when using vibratory processing, the microstructure has become shallower, 

mainly dendrites of the first and second kind. Also, their quantity has significantly decreased, than when 

cladding without the use of vibration. 

Table 2 shows the results of measuring the microhardness (Vickers method) of the obtained samples by the 

Vickers method. 

Table 2 Results of microhardness measurements (load 10 kgs (100 N), holding time 10 s) 

Sample Sample after HT Sample with vibration treatment 

№  HV №  HV №  HV 

along across along across along across 

1 269 258 1 252 246 1 289 294 

2 265 267 2 246 252 2 277 292 

3 271 261 3 258 250 3 284 285 

Average 268 262 Average 252 249 Average 283 290 

An analysis of the results of measuring mechanical characteristics shows that heat treatment promoted the 

relaxation of hardening stresses. The hardness of the samples after vibration treatment increased by an 
average of 10% due to the formation of a finer dispersed structure. 

4. CONCLUSIONS 

A laser cladding unit with a three-jet feed of material to the reflow zone was developed. Modes have been 

developed for the stable process of obtaining samples from the superalloy Inconel 625. The microstructure 

before and after heat treatment - columnar dendrites of the first, second and third kind has been studied. 

Vibration treatment was tested in the course of laser surfacing. It is established that the microstructure of the 

samples is finer - dendrites of the first and second kind. Measurement of the microhardness of the samples 

showed that after the thermal treatment the process of stress relaxation passed. It is also established that it is 

possible to obtain higher mechanical characteristics by vibrating treatment - microhardness is higher by an 

average of 10%. 
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Abstract  

In the present work, the route of preparation for specimens by high temperature aging of preliminary pressed 

mixture (briquettes) of the Fe powder with differ nitride powders (BN, Si3N4, AlN) is suggested and the 

microstructure and magnetic properties of the synthesized alloys are studied. The pressed briquettes from iron 

and nitride powders mixture in desired proportions were heated in the nitrogen atmosphere till temperatures 

of 1300-1550 °C and held for 3 hours, and subsequently cooled along with the furnace. As a result of the solid 

or liquid-phase reaction within the sintering process, the ceramic is formed upon the heat-treatment of 

briquettes and the spherical metal fragments exudation on the surface of ceramic part of the briquette was 

observed. After aging the sample (Fe+33 wt.% BN) the composition of the spherical metallic fragment was 

comprised of 50 % Fe-30 % N-20 % В. Themicrostructure includes the eutectic structure between primary iron 

grains. The eutectic consists of Fe precipitates, as dendrites and the dark boride phase. In eutectics, the boride 

phase composition changes B from 9 to 24 at. % close to the stoichiometry of the metastable Fe3B compound. 

The microstructure of the metallic fragment of the sample (Fe + 35 wt.% Si3N4) consists of grains of the Fe-Si 

phase with composition 17 at. % Si - 83 at. % Fe. The microstructure of the metallic fragment of the sample 

(Fe + 22.5 wt.% AlN) consists of grains of the Fe-Al-based phase with composition 70 at. % Fe - 14.5 at. % Al 

- 15.5 at.% N. The obtained metal fragments are characterized by relatively high coercivity (8-10.3 kA/m) 

comparable to those fine films and nanosized iron powders produced by gas nitrogenation.  

Keywords: Powder metallurgy, boron nitride, silicon nitride, aluminium nitride, microstructure 

1. INTRODUCTION  

The nitrides of Fe and rare-earth intermetallic compounds have attracted an increasing interest due to their 

unique magnetic properties and potential applications as permanent magnets [1-4]. The recent investigations 

are associated with search of new hard magnetic compounds with lean rare-earth compositions. One focus 

was governed to the ordered compound α”-Fe16N2 for which as increased saturation as well a considerable 

anisotropy constant have been reported. The second, the RFe12N compounds that saturation could be higher 

than those of Nd2Fe14B while maintaining a comparable anisotropy field. The preparation of nitrides involves 

a number of difficulties. In the last years, Fe-N alloys were prepared in forms of thin layer or nanosized powders 

by gas-solid reaction of Fe and N2, NH3 or NH3/H2 via vapor deposition or magnetic sputtering and subsequent 

annealing [5]. Synthesis of Fe-N alloy under high pressure by gas-solid reaction is difficult to be performed. In 

particular, it is not possible to obtain pure α”-Fe16N2 by gas nitrogenation because the solubility of nitrogen in 

austenite is less than the required 11.1 at. % per the established stoichiometry. Therefore, it is important to 

use the solid N source for the preparation of Fe-N alloys.  

In the present work, the route of preparation for Fe-N alloys by high temperature aging of preliminary pressed 

mixture (briquettes) of the Fe powder with differ nitride powders (BN, Si3N4, AlN) is suggested and the 

microstructure and magnetic properties of the synthesized alloys are studied.  
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2. EXPERIMENTAL PROCEDURE  

The following materials have been used in the present work: commercially manufactured iron powder of grade 

PZhR 3.200.28 (mass fraction): C ≤ 0.05; Si ≤ 0.05; Mn ≤ 0.20; S ≤ 0.02; P ≤ 0.02; particles size from 0.05 to 

0.16 μm; powder of boron nitride with the content of the main component at least 97%; fraction's content with 

the particles size less than 100 μm. The crystalline boron with boron content of at least 97% was also used in 

the present work. Powder mixing was performed in a turbulence mixer C2.0 with frequency of 40 rpm within 1 

hour. The compacting (briquettes) from powder mixtures were prepared by the hydraulic laboratory press 

under the pressure of 40 MPa. Heat treatment of briquettes was conducted in the electric vacuum furnace 

VOzh-16-22 (crucibles - Al2O3). During heat treatment in gas, nitrogen with nitrogen content of 99.996% and 

argon with the argon content of 99.993% were used there. X-ray diffraction spectra were measured by XRD 

DRON-4 with CoKα radiation; quality and quantity phase analyses were measured by Rietveld full-profile 

analysis method using software program as well the described method in the present work [6]. The 

microstructure of samples was examined by scanning electron microscopy (SEM) method on Hitachi S-3400N 

with accessory for energy-dispersive X-ray micro-analysis (EDX). Magnetic characteristics were measured by 

hysteresisgraph AMT-4 and vibrating sample magnetometer VSM-250.  

3. RESULTS AND DISCUSSION  

3.1. Fe-4 %B alloy prepared by melting  

The as-cast Fe-4 wt.% B alloy was prepared from iron powder and crystalline boron by melting in an argon-
arc furnace. The SEM/BSE images of this alloy are shown in Figure 1. The image in Figure 1a demonstrates 

the eutectic microstructure that corresponds to the diagram Fe-B. The dark regions are the iron boride phase, 

and the light gray imaged regions correspond to iron-based solid solution. The high magnification image in 
Figure 1b shows the heterogeneous composition of the gray regions.  

  

Figure 1 SEM microstructural images of the as-cast Fe-4 wt.% B alloy prepared by melting in an argon-arc 

furnace  

The as-cast sample has ós = 205-215 emu/g and coercive field of Hci = 8-8.5 kA/m, which is attributed to hard-

magnetic materials.  

3.2. Fe-based alloy prepared by mixturing Fe and BN powders  

Figure 2 shows images of the sample (Fe+33 wt.% BN)prepared by heating in the nitrogen atmosphere to a 

temperature of 1550 °C, 3 h. The pressed briquette from a mixture of iron and boron nitride powders was 
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heating in the nitrogen atmosphere to a temperature of 1550 °C, holding for 3 hours, and then cooling with 

furnace. As a result of the solid or liquid-phase reaction within the sintering process, the heat-treated sample 
(see insert in Figure 2a) consists of two parts: a sintered composite (hereinafter referred to as "ceramic") and 

spherical metal fragments which were crystallized as drops on the surface of the ceramic. The composition 
measured at the surface of the metal fragment corresponds to 20 at.% B - 30 at.% N - 50 at.% Fe (Figure 2b).  

 

 

Figure 2 SEM microstructural images of the sample (Fe+33 wt.% BN) prepared by heating to a temperature 

of 1550 °C. The surface of the ceramic part (a); the spherical metal fragment (b); BSE SEM images of the 

metal fragments after polishing (c, d) 

The composition of the metal fragment after polishing is 8.3 at.% B - 5.8 at.% N - 85.9 at.% Fe (Figure 2c). 

The eutectic structure between light primary iron grains consists of Fe precipitates, as dendrites and dark 

boride phase. In eutectics, the boride phase composition changes from 9 to 24 at.% B close to the 

stoichiometry metastable Fe3B compound. The composition of the light regions corresponds to 100 at.% Fe 
(Figure 2 d). X-ray diffraction analysis showed that iron, Fe2B phase and a small amount of Fe3B metastable 

phase, as well as iron nitrides in the total amount up to 16% by volume, are present in the structure of the 

metal part of the sintered sample. The observed eutectic structure differs a bit from ordinary eutectic structure 

Fe-Fe3C and Fe-Fe2B, in which the intermediate phases (carbides, borides) grow as the leading phase, and 

the second phase, a solid solution based on iron, forms three-dimensional dendrites with rounded section of 

branches. Low boron content in the leading phase (9-24 at.% B), compared with stoichiometric Fe2B, suggests 

that the missing amount of boron is associated with the replacement of a part of the boron atoms in this phase 

by nitrogen atoms, and with the presence in the leading phase, along with borides, iron nitrides. The as-cast 
sample has ós = 110 emu/g and coercive field of Hci = ~10.3 kA/m, which obviously is attributed to hard-

magnetic materials. In the work [7] the single phase of FexN was produced by mechanical milling a mixture of 

Fe and boron nitride. However, Fe-B alloy was no obtained during these experiments. This fact was concluded 

that that Fe-B compound is prepared with more difficulty than the Fe-N compound [7]. But the present 
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experimental results mentioned above indicate that mainly Fe-B alloy was formed by the solid-state reaction 

of Fe and BN during aging but Fe-N compound was also produced.  

3.3. Fe-based alloy prepared by mixing Fe and Si3N4 powders 

Figure 3 shows images of the sample (Fe + 35 wt.% Si3N4)prepared by heating to a temperature of 1500 °C, 

3 h. BSE SEM image of the ceramic part shows the mixture of the Fe-based and Si-N particles(a).BSE SEM 

image of the metal fragment shows the single-phase microstructure(b). The composition of the metal fragment 
is 18 at. % Si-82 at.% Fe. The sample has coercive field of Hci ~4.7 kA/m, ós = 106 emu/g.  

 

Figure 3 SEM microstructural images of the sample (Fe + 35 wt.% Si3N4)prepared by heating to a 

temperature of 1500 °C. BSE SEM images of the ceramic part (a) and of the metal fragment (b)  

3.4. Fe-based alloy prepared by mixing Fe and AlN powders  

Figure 4 shows images of the sample (Fe + 22.5 wt.% AlN) prepared by heating in the nitrogen atmosphere 

to a temperature of 1500 °C, 3 h. BSE SEM image of the ceramic part shows the mixture of the Fe-based and 

AlN particles(a). BSE image of the metal fragment shows the single-phase microstructure (b). The composition 
of the metal fragment is 15 at. % Al -16 at. % N-69 at. % Fe. The sample has coercive field of Hci ~5.8 kA/m, 

ós = 111 emu/g.  

 

Figure 4 SEM microstructural images of the sample (Fe + 22.5 wt.% AlN) prepared by heating to a 

temperature of 1500 °C. BSE SEM images of the ceramic part (a) and of the metal fragments (b)  

4. CONCLUSION  

The route of preparation for alloys by high temperature aging of preliminary pressed mixture (briquettes) of the 

Fe powder with differ nitride powders (BN, Si3N4, AlN) was investigated. The resulting products of solid-state 

b 
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reaction between Fe and nitride were the metal fragments of spherical shape formed on the ceramic part 

surface of the sintered briquette. For the Fe-BN mixture these fragments comprise of iron borides similar to 

the composition of intermetallic compound Fe3B and nitride phase as components of the eutectic, while the 

ceramic part consists of boron nitride, iron, and iron nitride. For the Fe-Si3N4 and Fe-AlN mixtures the metallic 

fragments consisted of iron-based solid solution which comprises silicon or aluminium and nitrogen. It is 
demonstrated that metal fragments of sintered briquettes exhibit hard-magnetic properties, Hci= 10 - 30 kA/m, 

hence, the method of their fabrication is promising in developing of free rare-earth hard magnetic materials.  
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Abstract 

The behavior of deformation bands associated with the Portevin-Le Chatelier (PLC) effect was studied in an 

Al-Mg alloy. The microstructure of the alloy consisted of coarse grains with approximately equiaxed shape and 

average size of 40 μm. A series of tensile tests was carried out at room temperature and initial strain rates of 

1×10-3 s-1 and 5×10-3 s-1. Comparing different propagation characteristics of the PLC bands (the velocity of the 

PLC band propagation, the local strain rate within the band, the band width, and the angle of band) for the 

model coarse-grained alloy reveals numerous unusual features of spatiotemporal behavior observed at various 

stages of strain hardening the alloy. The specific mechanisms of plastic deformation at various stages of strain 

hardening are considered in some detail.  

Keywords: Aluminum alloys, mechanical testing, microstructure, Portevin-Le Chatelier effect 

1. INTRODUCTION 

Al-Mg alloys are widely used materials exhibiting jerky flow or repetitive yielding, associated with 

heterogeneous localization of plastic deformation within the bulk of a material. It is referred as the Portevin-Le 

Chatelier (PLC) effect [1-3]. The PLC effect is known to result in a reduction in ductility and the formation of 

deformation bands that leave undesirable traces on the surface of the sheet product [2]. 

Different authors studied this phenomenon using various methods. However, there are still many questions. 

For example, Shabadi et al. [4,5] investigated the PLC band width using the laser speckle technique and found 

that band width increases with strain and reaches a plateau in Al-based alloys. However, in research from Ait-

Amokhtar et al. [6], band width was measured as a function of strain during the test and it was noted that band 

width decreases during the test. 

In this paper, the micro-deformation or macro-deformation behaviors of an object will be characterized via 

digital image correlation (DIC). This method has been widely used for several decades. Thanks to the DIC 

method, it is possible to have access to the width, the height or transported strain, the angle and band velocity. 

Therefore, a new experimental database can be achieved to better understand the PLC phenomenon. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

An alloy with a chemical composition of Al-3Mg (wt.%) was produced by semi-continuous casting. The ingots 

were subjected to homogenization by annealing for 4 h at 500 °C and cooled with the furnace. Rectangular 

samples with dimensions of 40 mm × 120 mm × 200 mm were machined from the central part of the ingots 

and rolled at an ambient temperature with a total reduction of 70 % which provides a final thickness of ~4 mm. 

The rolled sheets were annealed for 2 h at 400 °C to produce a recrystallized microstructure. The 

microstructure obtained after such thermomechanical processing consisted of coarse equiaxed grains with an 

average size of about 40 μm. The fraction of high-angle boundaries (HABs) was near 47 %. The average 

misorientation Θ was ~21°. The density of lattice dislocations was ~1·1013 m-2. Other details of the structural 

and processing were reported in previous work [7]. 
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Tensile specimens with 35 mm gauge length and 3 × 7 mm2 cross-section were cut parallel to the rolling 

direction of the sheets. Tensile tests were performed at room temperature and initial strain rates of 1×10-3 s-1 

and 5×10-3 s-1 were measured in a Zwick 1476 testing machine. Three samples were tested for each set of 

conditions. A strain gauge extensometer with 0.5% accuracy of strain measurement was applied to examine 

yielding behavior. A digital image correlation (DIC) method was used to observe the PLC band kinematics. 

The calculations were performed using Vic-2D software. The DIC system also provided a channel for recording 

the output signal of the testing machine. The accuracy of these measurements was relatively low but they 

served to synchronize the series of images with the deformation curve recorded by the load cell.  

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The engineering σ-ε curves at strain rates of 1×10-3 s-1 and 5×10-3 s-1 are presented in Figure 1. The Al-Mg 

alloy exhibits mechanical behavior similar to other dilute Al-3% Mg alloys with a grain size of ≥30 μm in a 

recrystallized condition. The material manifests an elastoplastic behavior in which a short yield plateau at a 

very low strain in the σ-ε curves appear shortly after the elastic regime. The following deformation is 

characterized by pronounced strains hardening up to the onset of necking. The deformation curves exhibited 
stress serrations, which are shown in Figure 1. This phenomenon is caused by the dynamic strain aging (DSA) 

of dislocations and is associated with heterogeneous localization of plastic strain. The strain rate sensitivity 

(SRS) of the flow stress is one of the central elements of DSA models of the PLC effect in the description of 

stress serrations. The deformation curves of the Al-Mg alloy tend to lie below the curves measured at lower 
strain rates (see Figure 1). This indicates negative strain-rate sensitivity of stress, which is a necessary 

condition for the onset of the PLC instability. A close-up observation on the jerky flow shows the temporal 

aspects of type A at both strain rates. 

 

 

 

 

 

 

 

 

 

 
Figure 1 Typical engineering σ-ε curves of the Al-Mg alloy for two strain rate values 

The propagation characteristics of the localized bands in relation to strain are investigated by the DIC method. 
Figure 2 shows the strain-rate maps of the Al-Mg alloy tested at a strain rate of 5×10−3 s−1 where the continuous 

propagation appears at various deformation stages of the alloy. The time interval of the strain-rate  

maps corresponds to regions of the time-load curve of the alloy marked with rectangles on the top graph of  
Figure 2. It should be noted that the strain-rate maps show some differences in the various stages of 

deformation. 

The yield plateau is related to nucleation and fast propagation of a deformation band from one specimen edge 
to the other (see Figure 2a). As can be seen in Figure 2a at t = 1.05 s, the central part of localized deformation 

appears to be a rounded contour. Even though this aspect is less pronounced after complete formation of the 
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deformation band, it can be recognized on all images. The deformation within the bands can be determined 

by the maximum. It should be noted that the maximum at the yield plateau has a PLC band strain only four 

times higher than the applied strain rate. This means the localization of plastic flow is low in comparison with 

the PLC bands. The last three frames capture the plastic flow homogenization after the band passage through 

the specimen. They demonstrate delocalization of the high local strain rate zone in the sense that the area of 

intense color spreads all over the sample while the maximum value decreases. 

 

Figure 2 Strain-rate map demonstrating propagation of a type A PLC band at different stages of 

deformation including during the yield plateau (a), on an early deformation stage (b), after significant 

deformation (c) and during necking (d) in Al-Mg alloy tested at 5×10-3 s-1 

A further strain hardening stage is characterized by continuous propagation of bands associated with type A 
serrations (see Figure 2b and Figure 2c). In most cases, especially at low strains (see Figure 2b), bands are 

nucleated near one specimen end and escape at the other end. The bands observed at low strains have a 

usual plane shape corresponding to simple shear. However, they can turn symmetrically during propagation 

through the specimen. Importantly, this process does not occur as an abrupt flip but seems to involve a 

competition between two shear orientations, which was particularly well seen at t = 21.9 seconds. The band 
shape becomes similar to the one observed on the yield plateau in Figure 2a. This aspect is intensified in the 

course of deformation, which is illustrated in Figure 2c. The results reveal that the average band velocity and 

width gradually decreases with tested values while the local strain rate within the band is increased. This 
testifies to stronger strain localization. At large strains (see Figure 2c), the ratio exceeds 10. The final necking 

retains a sense of continuity with the above-described trends. It correlates with the termination of the 

propagation mode, which is substituted with strain localization in a restricted area over which the deformation 
band performs slow movements back and forth (see Figure 2d). 

Other parameters such as width of the band can also be determined thanks to DIC. For a given time, the strain 
is plotted as a function of the position along the axis of the specimen (see Figure 3). The strain distribution 

within localized bands is characterized by a Gaussian function. The band width is defined as the distance 
between the two closest extreme points on opposite sides of the PLC band, which is depicted in Figure 3. This 

analysis was carried out on all the visible bands during the tensile test of the Al-Mg alloy. Figure 3 shows the 

strain distributions of four bands taken from characteristic intervals of the curve: at the beginning of the tensile 

test (during the yield plateau) with an average width of 14 mm, on an early deformation stage with an average 

width of 11 mm, after significant deformation with an average width of 8 mm, and at the end of the tensile test 
(during necking) with an average width of 7.8 mm (see Figure 3). The deformation within the bands can be 

determined by the maximum PLC band strain (max). Therefore, Figure 3 clearly shows that the maximum PLC 

band strain increases with the test, which was noted above. 
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Figure 3 The strain distributions of frames along selected lines for four characteristic stages of the 

deformation curve are marked with rectangles in Figure 2 

4. CONCLUSION 

The Al-Mg alloy exhibits type A stress serrations at a strain rate of ~10−3 s−1 and an ambient temperature; 

these characteristics are associated with the dynamical mechanism that propagates deformation bands. It was 

established that the PLC band velocity and the band width on the true strain dependence is described by a 

linear decreasing function. The normal orientation of the band to the tensile axis is observed during the yield 

plateau. However, the average angle to the axis is 60° after the yield plateau (from the early deformation stage 

to necking). 
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Abstract 

The present work is focused on the synthesis of inequiatomic AlCoCrFeNiTi0.5 high entropy alloy (HEA) with 

composite structure reinforced by TiC nanoparticles. The initial alloy was prepared by mechanical alloying 

(MA) in a planetary ball mill, compacted by spark plasma sintering (SPS) and heat treated to obtain better 

microstructure. Microstructure and mechanical behavior of the SPS-ed compacts prior to and after the heat 

treatment were investigated. The bulk samples were composed of nano-grained mixture of FCC solid solution, 

ordered BCC phase and in-situ formed TiC nanoparticles. The high hardness of 803 HV and 564 HV of the 

alloy in SPS-ed and heat treated state was measured with bending strength of the latter reaching a value of 

2 GPa. It was shown that a fabrication of TiC reinforced HEA nanocomposites with excellent mechanical 

properties can be achieved. 

Keywords: High entropy alloy, powder metallurgy, sintering 

1.  INTRODUCTION 

Conventionally, the alloy design, production, and selection are almost strictly confined to single element based 

concept where the properties are adjusted by relatively small additions of different elements [1]. Consequently, 

this alloy concept imposes a significant limit to the degrees of freedom in the alloy’s composition and thus 

limits the development of special microstructure and properties. In the last decade, such alloying concept has 

been overcome due to an appearance of new class of alloys, named high entropy alloys (HEA) [2] as the high 

configurational entropy was initially believed to stabilize their solid solution microstructures. These alloys do 

not contain a single base element, but rather multiple principal elements, usually over 5, with near equiatomic 

proportions. The combination of mostly simple solid solution microstructures (either FCC or BCC) and inherent 

extreme substitutional solid solution strengthening effect [3] gave rise to a combination of exceptional 

properties such as wear and corrosion resistance [4, 5], high mechanical strength and ductility [6, 7], high 

temperature strength [8] etc. HEA can be also conveniently used as matrix phase for metal matrix composites 

(MMC) with high mechanical properties [9-11]. As opposed to traditional casting manufacturing route, powder 

metallurgy route (PM) is an alternative way for production of HEA and other complex materials, exploiting the 

advantage of lower processing temperatures, thus avoiding casting segregations and inhomogeneity’s in the 

final product [12, 13]. For the PM preparation of HEA, mostly mechanical alloying of elemental powders with 

subsequent spark plasma sintering (SPS) is used due to its simplicity and relatively short processing times 

[14, 15]. A full density of bulk samples is achieved relatively rapidly, which enables for the production of bulk 

materials and MMC with nano-scale grains [14, 15]. In the presented study, in-situ TiC reinforced HEA MMC 

with AlCoCrFeNiTi0.5 chemical composition chosen for a good combination of properties [1, 16] has been 

manufactured. 

2.  EXPERIMENTAL  

AlCoCrFeNiTi0.5 (in atomic proportion) HEA powders were prepared by high-energy ball milling process in a 

planetary ball mill. For the milling, commercial purity Al, Cr, Co, Fe, Ni, Ti, and elemental powders with the 

average particle sizes around 45 µm were utilized. The powders were sealed in a steel milling bowl with the 
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ball to powder weight ratio (BPR) of 10:1. Methanol was used as the process control agent (PCA) to prevent 

powder agglomeration during milling. The milling conditions of 24 hours milling time with 400 RPM were 

obtained from preliminary optimization studies. The final processed powders were further consolidated by SPS 

(Thermal Technology LSS 10-4) in a 30 mm graphite die at Institute of Plasma Physics of Czech Academy of 

Sciences. Graphite foils were placed between the powders and the die walls to prevent mutual fusing. A 

sintering temperature of 1100 °C with 60 MPa pressure and 8 minutes holding time were used for the 

consolidation. After SPS, heat treatment of the samples was carried out at 1250 °C followed by air cooling to 

invoke prospective changes in the structure (grain size unification and porosity reduction). A tube furnace 

Carbolite Gero STF with protective argon gas atmosphere has been used for the heat treatment experiments. 

The final samples were 6 mm high cylinders with 30 mm diameter. XRD technique with Philips X´Pert, 40 kV, 

Co Kα radiation at λ = 0.17903 nm, 2θ = 30-120° was used to observe the phase composition after the different 

processing steps. Samples for microstructural observation were prepared by standard metallographic 

procedures. Polished samples were analyzed by ZEISS Ultra Plus SEM at an accelerating voltage of 20 kV 

and 10 kV followed by energy dispersive microanalysis method (EDS). Hardness measurement was carried 

out using Vickers microhardness tester with 200 g work load on polished samples. Porosity was measured by 

image analysis with ImageJ software on the polished samples. The room temperature bending strength (Rmb) 

was measured using three-point bending jig on Zwick Z020 universal tensile test machine, with the loading 

span of 18 mm and a crosshead speed of 1 mm·min-1. The samples had nominal dimensions of 22 × 6 × 4 mm 

and were manufactured from the SPS-ed cylinder using wire electric discharge cutting.  

3.  RESULT AND DISCUSSION 

3.1. XRD phase analysis 

The XRD pattern of the AlCoCrFeNiTi0.5 powders milled with 15 mm balls under 400 RPM for 24 hours is 
presented in Figure 1a. The powders are composed of a single BCC solid solution that was formed from the 

elemental powders due to mechanical alloying process. The observed peak broadening points out to a 

significant grain refinement. The patterns of the SPS-ed bulk produced from these powders is presented along 
with the bulk alloy after heat treatment at 1250 ºC in Figures 1b and 1c, respectively. The as-SPS-ed material 

and after the HT at 1250 ºC are composed of the same phases, i.e. FCC Fe- and Cr-enriched solid solutions, 

a B2 ordered phase enriched in Ni and Al and in-situ formed TiC. The appearance of the TiC phase is very 

interesting, especially considering that no intentional addition of carbon to the powders was made. Its presence 

is attributed to the addition of methanol (CH3OH) to the powders as a PCA. During the milling process, 

methanol was most likely trapped between the powder particles that were cold welded together. Subsequently, 

it decomposed and dissolved into the lattices of the powders. After the sintering, the high affinity of carbon to 

titanium resulted in the formation of the TiC phase. The calculated volume fraction of the present phases (from 

XRD patterns) is 26.5% FCC phase, 58% B2 phase, and 15.5% TiC. 

3.2. Microstructure analysis 

The microstructure of SPS-ed sample and heat treated sample as evaluated by SEM microstructural 
observations is presented in Figure 2. According to the EDS chemical analysis, the phase composition 

remained unchanged after the HT procedure and closely matches the desired composition (not shown due to 
limited space). The observed phase composition is in good agreement with XRD results from Figure 1. It 

seems that the remains of original powder particles are still distinguishable in the microstructure after SPS (for 
better clarity denoted by red circles in Figure 1a), with very fine FCC, B2 and TiC phase mixtures. These 

“islands” are surrounded by much coarser, brighter FCC phase. The microstructure seems rather 

homogenous, with few pores present (overall porosity measured to be below 0.5%). The microstructure after 

the HT procedure is coarsened; however, the remnants of the original particle boundaries are still visible. The 
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TiC phase particles inside the original ”islands” have slightly coarsened to the size of hundreds of nanometers. 

Their dispersion is very homogenous while they possess essentially favourable, globular morphology. 

 

Figure 1 XRD pattern of AlCoCrFeNiTi0.5 a) powder milled with 400 RPM, 24h and 15 mm balls; b) SPS-ed 

bulk alloy B c) SPS-ed alloy B after heat treatment at 1250 ºC 

 
Figure 2 SEM micrographs in back scattered mode (BSE) with marked phases of AlCoCrFeNiTi0.5 bulk alloy 

microstructure; a) b) after SPS densification, c) d) after heat treatment at 1250 ºC 
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3.3. Mechanical testing 

The measured hardness of the alloy after SPS was 803 ± 40 HV0.2 (presented in Table 1) - a very high value 

attributed to the combination of Orowan strengthening from TiC dispersion and the very fine grain sizes. The 

heat treatment at 1250 ºC caused hardness decrease to 564 ± 33 HV0.2 as a consequence of the grain 

coarsening. The results obtained from bending testing of SPS-ed + heat treated samples are presented in 

Table 1. The bending strength of the SPS-ed sample was not measured, due to limited available material [17]. 

The measured bending strength of the material was significantly high, reaching almost 2 GPa, with relatively 

low scatter. This may be ascribed to a very homogenous microstructure. However, a brittle fracture has been 

observed upon rupture, with no significant plastic deformation preceding the fracture. 

Table 1 Results of three-point bending test of AlCoCrFeNiTi0.5 bulk after SPS and heat treatment. 

Sample Rmb (MPa) E (GPa) Max. deflection (mm) 

SPS + HT 1250 ºC 1992 ± 164 99.4 0.4 ± 0.2 

Figures 3a, b and c denotes the fractured surfaces of the broken bending specimen of the SPS-ed alloy, heat 

treated at 1250 ºC. The initiation site of the fracture was probably a surface defect from which the fracture 

rapidly propagated throughout the specimen cross - section. The specimen was cracked in a brittle fracture 

manner. Transgranular fracture features with visible cleavage facets (denoted by yellow arrow) are visible. In 

some places on fracture surface (Figure 3c), the areas with brittle fracture are surrounded by ductile dimples 

(marked by green arrow). 

 
Figure 3 SEM micrographs of bulk alloy a, b, c) fracture surfaces of SPS-ed and 1250 °C heat treated bend 

test specimens; d,e) side view of polished fractured specimen revealing the crack propagation mechanism 
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This arrangement of the fracture morphology well corresponds to the hard “islands” of B2/TiC phase mixture 

surrounded by the intrinsically ductile FCC phase, observed in the SEM imaging. SEM micrographs taken from 
a polished bending specimen side (in direction perpendicular to fracture surface) are presented in Figures 3d 

and e. Secondary cracks located near the magistral crack below the fracture surface are observed. The cracks 

growth occurs preferentially in the regions of B2/TiC phase mixture that are seemingly very brittle in nature 
(denoted by red arrow and red ellipse of Figure 3d). While the B2/TiC islands are already cracked, the ductile 

FCC phase grains are being plastically deformed, causing the crack bridging phenomenon. In this fashion, 

FCC grains are retarding the propagating cracks, causing the extrinsic toughening effect in the material. This 

ductile phase crack bridging may be one of the reasons for the extraordinary high values of the bending 

strength of this composite. 

4.  CONCLUSIONS 

In the presented work, high entropy alloy MMC with fine dispersion of TiC reinforcement has been produced 

by a combination of reactive milling and spark plasma sintering. The conclusions are drawn as follows: 

• AlCoCrFeNiTi0.5 alloy can be efficiently produced by PM processes possessing high hardness and full 

density microstructure; 

• The use of carbon containing process control agent resulted in the in-situ formation of TiC dispersion 

after SPS densification of AlCoCrFeNiTi0.5 alloy; 

• Subsequent heat treatment at 1250 °C resulted in a slight grain coarsening and a corresponding drop 
in hardness; 

• Very high bending strength value reaching up to 2 GPa has been measured in the heat treated state 

with crack bridging mechanism by ductile FCC phase during the bulk alloy fracture. 
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Abstract  

The aluminum alloys with 1 % Fe, 0.3 % Zr, 0.25 % Si and with 1 % Fe, 0.3 % Zr, 1 % Si (in wt.%), were 

investigated after hot rolling to a strain of 70% at 300 °C followed by annealing at 400-500 °C during 1 and 3 

h. The hot rolling resulted in the elongation of initial grains along the rolling direction. The lamellar 

microstructure with the transverse size of structural elements of about 0.7-0.8 μm evolved during deformation. 

The hot rolling was accompanied by strengthening of the both alloys and an increase of the electrical 

conductivity in the Al -1 % Fe, 0.3 % Zr, 1 % Si alloy. The yield strength after annealing at 400 °C was 160 

MPa and 165 MPa for the Al with 1 % Fe, 0.3 % Zr, 0.25 % Si and Al with 1 % Fe, 0.3 % Zr, 1 % Si alloys, 

respectively. The fine structure after annealing contained dispersed particles with a size of about 4-5 nm, which 

were identified as Al3Zr with L12 structure. An increase in the electrical conductivity to 53% IACS confirmed 

decomposition of solid solution during annealing in the Al - 1 % Fe, 0.3 % Zr, 0.25 % Si and Al - 1 % Fe, 0.3 % 

Zr, 1 % Si alloys. The strengthening was discussed in terms of the modified Hall-Petch relationship.  

Keywords: Al-Fe-Si-Zr alloys, strengthening, electrical conductivity, Al3Zr particles, Hall-Petch relationship 

1. INTRODUCTION 

Aluminum alloys of the Al-Fe-Si system are characterised by high electrical conductivity about 60% IACS and 

are used as power line wires [1]. However, such materials have low mechanical properties and thermal stability 

of work hardened microstructure. This disadvantages limit application of Al-Fe-Si alloys in thermocables. 

Significant increase of strength and thermal stability can be achieved by Zr additions due to the formation of 

the Al3Zr dispersoids during homogenizing treatment [2]. In additional, an increase of the Fe and Si content is 

accompanied by the hardening without reduction of the electrical conductivity. The aging of the Al-Fe-Si-Zr 

alloys with high Fe and Si concentrations leads to hardness and electrical conductivity increase [3]. Note that 

deformation by conventional methods, such as rolling, leads also to substantial strengthening of the Al-Fe-Si-

Zr alloys [2]. Thus, the combination of the alloying and plastic deformation provides good mechanical and 

functional properties. The microstructure effect on the strength can be described by the modified Hall-Petch 

relationship. The yield strength reads as follows [4]: 

5.05.0

0 ρασσσ bGMDkypartYS +++= −          (1) 

where: 
σYS - the yield strength (MPa),   σ0 - lattice friction strength (MPa), 

σpart - particle strengthening (MPa),  ky - the Hall-Petch coefficient (MPa·m0.5), 

D - the mean grain size (m),   α - constant,  

M - the Taylor factor,    G - the shear modulus (Pa), 

b - the Burgers vector (m),   ρ - dislocation density (m-2). 

The modified Hall-Petch relationship estimates the contribution of the different strengthening mechanisms and 

microstructure effect on mechanical properties. 
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The aim of the present research is to investigate the microstructure evolution, electroconductivity change and 

strengthening mechanisms in Al-Fe-Si-Zr after thermo-mechanical treatment.  

2. EXPERIMENT 

The aluminum alloys, Al-1Fe-0.3Zr-0.25Si and Al-1Fe-0.3Zr-1Si, were examined. The actual chemical 

compositions were Al - 0.87 % Fe, 0.41 %Zr, 0.21 % Si and Al - 0.96 % Fe, 0.32 % Zr, 0.75 % Si (all in wt.%). 

The aluminum alloys were prepared in an electric furnace LAC PT 90/13 (LAC, s.r.o., Rajhrad, Czech Republic) 

in graphite-chamotte crucibles with cooling at maximum rate. The cast alloys were heated to 300 °C during  

15 min and hot rolled at 300 ºC with 70% reduction. After the hot rolling (HR) aluminum alloys were annealed 

at 400-500 °C during 1 or 3 h with air cooling. The structural observations were carried out on sections 

perpendicular to the transverse direction (TD) of the rolled samples using a Nova Nanosem 250 (SEM, FEI, 

Hillsboro, OR, USA) scanning electron microscope equipped with an electron back-scattering diffraction 

pattern (EBSD) analyzer incorporating an orientation imaging microscopy (OIM) system and a JEOL JEM-

2100 (JEOL Ltd., Tokyo, Japan) transmission electron microscope (TEM). The samples for transmission or 

scanning electron microscopy were electro-polished using an electrolyte of HNO3:CH3OH=1:3 at a temperature 

of -30 °C with a voltage of 20 V. The electrical conductivity was measured by the method of eddy currents 

using a Constanta K6 device (Constanta, Saint Petersburg, Russia). The specimens with a gauge length of 16 

mm and cross section of 1.5 mm x 3 mm were tensioned at an initial strain rate of 2·10-3 s-1 with the tensile 

axis parallel to the rolling direction. 

3. RESULTS AND DISCUSSION 

Typical cast microstructures of the Al-1Fe-0.3Zr-0.25Si and Al-1Fe-0.3Zr-1Si alloys are shown in Figure 1. 

The phase composition of the Al-1Fe-0.3Zr-0.25Si alloy includes supersaturated solid solution aluminum 

matrix and the needle Al3Fe particles. In contrast, the cast structure of the Al-1Fe-0.3Zr-1Si alloy is 

characterized by the eutectic formed with the Al8Fe2Si phase that has a Chinese script-like morphology. The 

precipitation of spherical particles, which Belov et al. [2] defined as a Si-rich inclusion, is clearly seen in 

aluminum alloy with 1 % Si. Note that Zr is in solid solution after casting of Al-1Fe-0.3Zr-Si alloys, so primary 

Al3Zr particles don’t present in the microstructure.  

  

Figure 1 Microstructure of cast aluminum alloys with different Si content: a) Al-1Fe-0.3Zr-0.25Si; b) Al-1Fe-

0.3Zr-1Si 

Mechanical properties and electrical conductivity after hot rolling and annealing of the Al-1Fe-0.3Zr-Si alloy. 

The effect of hot rolling and annealing in temperature range 400-500 °C during 1 and 3 h on yield strength 
(YS) and electrical conductivity of Al-1Fe-0.3Zr-Si alloys is shown in Figure 2. The cast alloys are 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1643 

characterized by low yield strength (YS) of 25 MPa and 55 MPa for the Al-1Fe-0.3Zr-0.25Si and Al-1Fe-0.3Zr-

1Si alloys, respectively. An increase of the Si concentration results in strengthening of aluminum alloy in cast 

condition. Hot rolling leads to significant strengthening of the alloys and dramatic reduce of plasticity; YS of Al-

1Fe-0.3Zr-0.25Si and Al-1Fe-0.3Zr-1Si attain 175 MPa and 200 MPa, respectively. 

Subsequent annealing treatment leads to the strength decrease regardless of the annealing temperature and 

time. Maximum YS after hot rolling with annealing comprises 160 MPa in the Al-1Fe-0.3Zr-0.25Si alloy and 

165 MPa in the Al-1Fe-0.3Zr-1Si alloy after the annealing treatment at 400 °C during 3 h. Moreover, annealing 

was accompanied by electroconductivity increase. The best electrical conductivity was observed in the Al-1Fe-

0.3Zr-0.25Si alloy after hot-rolling with annealing at 400 °C for 3 h and attains 53% IACS (cf. with 45% IACS 

in cast condition). Note that plastic deformation leads to change in the peak aging conditions from 450 °C to 

400 °C [3]. 

 
Figure 2 Temperature effect on the yield strength (YS) (a) and electrical conductivity (b) of the Al-1Fe-0.3Zr-

Si alloys with different Si content. 

 

Figure 3 TEM micrographs of the Al-1Fe-0.3Zr-0.25Si (a, b) and the Al-1Fe-0.3Zr-1Si (c, d) alloys after hot 

rolling; dav is the average subgrain size, ρ is the dislocation density, fm is the mass fraction of particles 

calculated using Thermocalc Software 
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Fine microstructure of the Al-1Fe-0.3Zr-Si alloys after hot rolling and annealing. Significant change of the 

mechanical and functional properties of aluminum alloys is associated with the microstructure evolution during 
hot rolling and annealing treatment. Figure 3 illustrates typical deformation microstructure of the Al-1Fe-0.3Zr-

Si alloys after hot rolling at 300 °C.  

The deformation substructures in the present alloys look like typical hot-worked ones consisting of dislocation 

subboundaries with mainly low-angle misorientations. Band-like configurations almost parallel to the rolling 

direction (RD) prevail in the microstructure observed in the longitudinal section. The average size of transverse 
and longitudinal subboundary spacing (dav) for the Al-1Fe-0.3Zr-0.25Si and Al-1Fe-0.3Zr-1Si alloys was 0.7 

μm and 0.8 μm, respectively. The high dislocation density ρ about 6·1013 m-2 and 7·1013 m-2 observes into 

subgrain in alloys with 0.25 wt.% Si and 1 wt.% Si, respectively.  

Annealing at 400 °C during 3 h is accompanied by recovery and dislocation density reduction. Annealing 

treatment led to the supersaturated solid solution decomposition and the dispersed Al3Zr particles precipitated 
(see the selected area diffraction pattern in Figure 4b). This spheroidal precipitates have cubic L12 structure 

with a size about 4-5 nm and coherence with matrix according to cube-cube relationship. In addition, the Si-
rich particles form during annealing in the Al-1Fe-0.3Zr-1Si alloy (Figure 4d). The Si-rich particles are 

characterized by globular shape with a diameter about 30-40 nm. Note that dispersed precipitates provide 

stabilization deformation structure and inhibit primary recrystallization development in the Al-1Fe-0.3Zr-Si 

alloys.  

 

Figure 4 TEM micrographs of the Al-1Fe-0.3Zr-0.25Si (a, b) and the Al-1Fe-0.3Zr-1Si (c, d) alloys after hot 

rolling and annealing at 400 °C for 3 h; dav is the average subgrain size, ρ is the dislocation density, fm is the 

mass fraction of particles calculated using Thermocalc Software 

Strengthening of the Al-1Fe-0.3Zr-Si alloys. The dislocation (substructural) strengthening of the Al-1Fe-0.3Zr-

Si alloys can be calculated by the Taylor relationship (the third term in Eq. 1). The constants of σ0 = 10 MPa, 

ky = 0.2, α = 0.24, G = 25.4 GPa, b = 0.286 nm and M = 3.06 [4] were used for the calculation of the 

strengthening contributions to the overall YS. The grain size D was estimated using the EBSD-map and 

reaches 15.2 μm and 14.1 μm after hot rolling, and 19.8 μm and 24.2 μm after annealing for the Al-1Fe-0.3Zr-
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0.25Si and Al-1Fe-0.3Zr-1Si alloys, respectively. The contributions of different strengthening mechanisms to 
the overall strength as calculated using Eq. 1 for the Al-1Fe-0.3Zr-0.25Si and Al-1Fe-0.3Zr-1Si alloys after hot 

rolling (HR) and subsequent annealing (HR+A) at 400 °C for 3 h are presented in Table 1. The dispersion 

strengthening was estimated as a difference between experimental YS and calculated strengthening including 

the lattice friction strength, the substructural strengthening, and the grain boundary strengthening. 

It clearly seen that the main contribution to YS is made by the particle strengthening regardless of thermo-

mechanical treatment and chemical composition. The particle strengthening is provided by Al3Zr, Si particles 

and eutectic. The volume fraction of Al3Zr particles estimated using Thermocalc Software for the Al-1Fe-0.3Zr-
0.25Si and Al-1Fe-0.3Zr-1Si alloys at 300 °C (the temperature of HR) is 0.77% and 0.63% mass (Figure 3). 

Thus, the deformation at 300 °C provides the solid solution decomposition and Al3Zr particles precipitate. 

However, a short treatment time does not provide complete decomposition of solid solution [2, 3]. Thus, Al3Zr 

particles precipitate during subsequent annealing as well. In addition, the solid solution in the Al-1Fe-0.3Zr-1Si 

alloy is supersaturated by Si due to accelerated cooling [2, 3] and Si particles with a size about 30 nm 
precipitate in aluminum matrix during hot deformation (Figure 3d). This is good agreement with 

electroconductivity change and TEM observation. Plastic deformation should lead to electrical conductivity 

degradation due to dislocation density increase, but stability or rise of conductivity is observed in the aluminum 
alloys after hot rolling in experiment (Figure 2). The electroconductivity increase can result from dispersed 

Al3Zr and Si particle precipitate. A small increase in the particle strengthening in the Al-1Fe-0.3Zr-0.25Si alloy 
results from an increase in the volume fraction of the dispersed Al3Zr particles (Figure 4). Dramatic decrease 

by 25 MPa in the particle strengthening in the Al-1Fe-0.3Zr-1Si alloy can be associated with a coarsening of 
dispersed Si particles as observed in TEM (Figure 4d). Note that annealing after hot rolling leads to significant 

degradation of the dislocation strengthening to 7 MPa in both alloys, while the grain size strengthening slightly 

decreases by about 10 MPa. 

Table 1 The strengthening contribution to the yield strength of the Al-1Fe-0.3Zr-Si alloys after hot rolling  

   (HR) and subsequent annealing at 400 °C for 3 h (HR+A) as calculated by Eq. (1) 

Strengthening 
contributor 

Al-1Fe-0.3Zr-0.25Si Al-1Fe-0.3Zr-1Si 

HR (MPa/%) HR+A (MPa/%) HR (MPa/%) HR+A (MPa/%) 

Lattice friction strength 10/6 10/7 10/5 10/8 

Grain size 
strengthening 

52/30 45/33 54/27 41/31 

Dislocation 
strengthening 

41/25 7/5 45/23 7/6 

Particle strengthening 67/39 74/55 87/45 62/55 

Experimental YS 170/100 135/100 195/100 130/100 

4. CONCLUSION 

Hot rolling of the Al-1Fe-0.3Zr-Si alloys resulted in the band-like subgrains elongated along the rolling direction 

with an average of transverse and longitudinal subboundary spacings about 0.7 μm and 0.8 μm in the alloys 

with 0.25 wt.% Si and 1 wt.% Si, respectively. Hot rolling was accompanied by strengthening of the both alloys 

due to substructure strengthening. The annealing at 400 °C during 3 h resulted in the yield strength decrease 

to 135 MPa and 130 MPa for the Al-1Fe-0.3Zr-0.25Si and Al-1Fe-0.3Zr-1Si alloys, respectively. Annealing at 

400 °C led to the decomposition of the solid solution and to increase of the electrical conductivity to 53% IACS 

in the Al-1Fe-0.3Zr-0.25Si alloy and 52% IACS in the Al-1Fe-0.3Zr-1Si alloy. The microstructure after 

annealing contained dispersed Al3Zr particles with a size of about 4-5 nm. The YS decreased after annealing 

in the Al-1Fe-0.3Zr-0.25Si alloy resulted from the dislocation strengthening decrease. Dramatic decrease in 
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YS in the Al-1Fe-0.3Zr-1Si alloy can be attributed to a decrease in both the dislocation strengthening and the 

particle strengthening. 
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Abstract 

The paper presents investigation of the properties of joint region in the two-layer Mg/Al material semi-finished 

product obtained by the explosive welding method. Aluminum 1050A and magnesium alloy AZ31 were used 

to fabricate the bimetallic material to be analyzed. The Mg/Al materials were made using different technological 

parameters of explosive welding. In this work an analysis of microstructure changes on the cross-sections of 

the joint region was conducted. There were also made tests of layers connections quality. The results of the 

research show a deviation in microstructure in the bonding area. Analysis of the results shows that for all used 

parameters of the explosive welding method guarantee a permanent connection of the both magnesium and 

aluminum layers.  

Keywords: Explosive welding, two-layer Mg/Al materials, microstructure, bond strength 

1. INTRODUCTION 

A growing demand of the means of transport manufacturing industry for lightweight constructional materials 

has been observed in recent years. Therefore, aluminum and magnesium alloys are widely used in the 

automotive and aircraft industries. A major problem in the use of magnesium alloy parts is their very low 

corrosion resistance [1]. A promising solution is to manufacture Mg/Al bimetallic products, which may open the 

path to the expansion of these materials in new areas of applications, because an Mg/Al bimetallic part can 

combine the advantages of both materials: the low density of the magnesium alloy and the good corrosion 

resistance of the aluminum alloy. For these reasons, a two-layered Mg/Al material has been selected for 

investigation within the present study. Multilayered Mg/Al products are most commonly manufactured by a 

diffusion bonding [2], friction welding [3], rolling [4], extrusion [5] or a casting [6] methods, and increasingly 

often, by an explosive welding method [7, 8]. Most of the above-mentioned methods cause a poor durability of 

bonding between individual bimetal layers and involve a high consumption of the cladding layer (e.g. from 

stock obtained by a metallurgical method). Moreover, they are expensive, as they are produced in specialized 

equipment, and are also too little efficient to be used on a commercial scale. A competitive method of producing 

Mg/Al materials is the explosive welding method. It owes its popularity to the fact that it is uncomplicated, 

relatively inexpensive and provides a durable bond between bimetal layers. Due to the fact that the methods 

of Mg/Al products manufacturing are primarily "hot" processes, thus a hard and little ductile Mg-Al intermetallic 

phase layer usually forms at the Mg/Al joint interface, which is from several to a dozen or so micrometers in 

thickness. Intermetallic phases are characterized by low ductility and brittleness at ambient temperature. Also 

the use of the explosive welding method for production of Mg/Al bimetals with incorrectly chosen explosive 

welding parameters may cause intermetallic phases to form at the bond boundary [9]. Thus, it is necessary to 

determine the effect of explosive welding technological parameters on the possibility of obtaining a durable 

and resistant Mg/Al bonding without a continuous transient layer of intermetallic phases.  
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2. EXPERIMENTAL MATERIALS AND PROCEDURES 

A series of four sets of 10x70x240 mm specimens taken from rolled AZ31 alloy plates were subjected to 

cladding. As a clad material, 2 mm-gauge 1050A aluminum plates were used. Cladding was done in a parallel 
system according to the schematic diagram shown in Figure 1. The explosive welding of the Mg/Al materials 

was made in cooperation with the company Explomet (Poland). 

 

Figure 1 Schematic illustration of the explosive welding process  

The explosive welding parameters are given in Table 1. 

Table 1 Technological parameters used for explosive welding of Mg/Al bimetallic specimens  

No. of Sets/ 

sample  

Explosive 
material 

H 
(mm) 

h 
(mm) 

D 
(m/s) 

Vp 
(m/s) 

γ 
(°) 

1, 2 Saletrol 25 5 2215 589 15 

3, 4 Amonit 25 3 1800 453 16 

where: H - explosive thickness, h - stand-off distance, D - detonation velocity of explosive material, Vp - 

calculated flyer plate velocity, γ - calculated collision angle. 

For the explosive welding process, two types of explosive were used, namely: Saletrol (Sets nos. 1 and 2) and 

Amonit (Sets nos. 3 and 4). Moreover, for Sets 3 and 4, the height of the propulsion path was changed. The 

employed different technological parameters and two explosive types (differing in detonation velocity) 

influenced the speed of the cladding layer hitting the base layer and the welding angle. 

The microstructure of the Mg/Al material was observed using a Nikon ECLIPSE MA 200 optical microscope 

and a JEOL JSM-5400 scanning electron microscope (SEM). A chemical composition analysis of the joint 

region was conducted using an Oxford Instruments ISIS 300 X-ray energy dispersive spectrometer (EDS) 

attached to the SEM. In order to examine the quality of bonding between the base layer and the cladding layer, 

mechanical tests of the obtained Mg/Al materials were carried out. A tensile test was performed on specimens 
of a shape and dimensions as shown in Figure 2. The tests were carried out on a Zwick Z100 testing machine. 

Test specimens were taken from individual Mg/Al plates in a direction consistent with the direction of detonation 

wave propagation and in the transverse direction.  

 
Figure 2 The shape and dimensions of Mg/Al specimens for the examination of bonding quality 
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3. RESULTS AND DISCUSSION 

The welding parameters assured the obtaining of Mg/Al bimetallic specimens in the correct shape and without 

a longitudinal bend. A sample shape of the welded Mg/Al material produced from Set no. 3 is shown in 
Figure 3. 

 

Figure 3 An example view of an Mg/Al bimetallic specimen obtained from Set no. 3 

At the first stage of the investigation, metallographic examinations of bond regions were made. The 

examinations were done on specimens taken, respectively, along and across the propagation of the detonation 
wave. Figure 4 illustrates the bond region on the longitudinal section of Specimen 1 and Specimen 3. 

 a)  b) 

 c)  d) 

Figure 4 The microstructure of the bond region on the longitudinal section: a) Specimen 1, low magn., 

b) Specimen 1, high magn., c) Specimen 3, low magn., d) Specimen 3, high magn. 

When analyzing the microstructure observed at a low magnification in specimens obtained with different 
welding process parameters (Specimen 1 - Figure 4a, Specimen 3 - Figure 4c) it can be found that the shape 

of the bond region is typical of products obtained by the explosive welding method. A characteristic wavy bond 

was obtained. It was observed that change in welding parameters influenced the shape and amplitude of 
waves formed. For Specimen 1 (Figure 4a), the frequency and height of waves occurring across the entire 

bond are more uniform compared to Specimen 3 (Figure 4c). When examining the shape of waves occurring 

in Specimen 3, a varying frequency of their occurrence along the region under analysis can be found. In the 

specimen region on the detonation wave propagation side, the shape and frequency correspond to those for 

Specimen 1. By contrast, in a farther region, a considerable increase in the frequency of the occurrence of 
waves takes place and their height decreases. When examining the microstructure of Specimen 1 (Figure 4b) 

on an optical microscope at a larger magnification, no transient zone was observed between the Al layer and 
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the AZ31 alloy. By contrast, in the bond in Specimen 3 (Figure 4d) at the Al/AZ31 contact, regions irregular in 

shape were observed in some places, which suggests that diffusion had taken place, resulting in the formation 

of new phases at the Al/AZ31 boundary. 

Figure 5 depicts the bond region of Specimen 1 and Specimen 3, as observed on the cross-section.  

For Specimen 1, the bond region is approximately flat (Figure 5a), whereas for Specimen 3 (Figure 5c) the 

bond shape is very irregular and wavy. When examining the bond zone in those specimens at a larger 
magnification, no transient zone was found to occur at the material boundary for Specimen 1 (Figure 5b), 

while for Specimen 3, just like on the longitudinal section, irregular regions were observed in the bond zone 
(Figure 5d).  

a)  b) 

 c)  d) 

Figure 5 The microstructure of the bond region on the transverse section: a) Specimen 1, low magn., 

b) Specimen 1, high magn., c) Specimen 3, low magn., d) Specimen 3, high magn. 

Because of the transient zone occurring locally between Al and AZ31 in Specimen 3, a detailed analysis of 
those bond regions was made. Figure 6 shows the microstructure of the transient bond zone along with the 

distribution of Mg and Al along the indicated line. The results of quantitative analyses at the points indicated in 
this figure are given in Table 2. As can be noticed, the transient zone of variable thickness is distinguished by 

an inhomogeneous structure. The results of the quantitative analysis in this zone on the Al side (Point 1) 

suggest the intermetallic phase Al3Mg2. Chemical composition of the transient zone on the AZ31 alloy side 

(Point 2) corresponds to that of the Mg17Al12 phase. In the transient zone, bright regions can also be observed 

(Point 3), whose composition corresponds to that of the solid solution of Mg in Al. 

Table 2 EDS results (at.%) for points marked 1-3 in Figure 6 

Point Mg Al Zn 

1 41.67 58.33 - 

2 55.29 43.85 0.36 

3 7.29 92.71 - 

To sum up the structural examinations of the bond zone in bimetallic specimens produced by the explosive 

welding method it can be stated that the microstructure of the bond zone depends on the process parameters 
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applied. At higher detonation velocity (Specimen 1), no intermetallic phases were found to occur at the Al/AZ31 

boundary. In contrast, at a lower detonation velocity (Specimen 3), regions of an inhomogeneous structure 

were observed in some places at the Al/AZ31 boundary, in which the occurrence of Mg-Al phases was found. 

No continuous brittle Mg-Al intermetallic phases were found to occur in the bond zone of any of the examined 

specimens, which could result in a high strength of the bond zone in the bimetallic specimens. 

 

 

Figure 6 The microstructure of the transient zone of the bond of Specimen 3 along with linear analysis made 

by the EDS method 

The next step was to determine the strength of the bond. Figure 7 shows sample Mg/Al specimens after bond 

strength testing. 

 

Figure 7 The shape of Mg/Al bimetallic specimens after bond strength testing:  

a) Specimen 1, b) Specimen 3 

The examination of bond quality found that no bond shear had occurred in any bonding region. In each of the 

examined specimens, regardless of the sampling direction (longitudinal or transverse), a break occurred within 
the aluminum layer (Figure 7). 

The results of the examination of the quality of bonding between individual Mg/Al layers as explosively welded 
are shown in Figure 8. The specimen numbering is as per Table 1. The presented results are averaged values 

for individual specimens.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1652 

 

Figure 8 The bond strength of Mg/Al bimetallic specimens 

The data in Figure 8 indicates that the obtained results correspond to the tensile strength of the aluminum 

layer. The applied explosive welding parameters did not significantly influence the obtained results. It should 

be noted, at the same time, that slightly greater hardening of the cladding layer has occurred in the detonation 

wave propagation direction, compared to the transverse direction. The obtained stress values show that the 

strength of the bond, amounting to over 120 MPa, has surpassed that of the cladding layer. For comparison, 

the shear strength of the bond, as obtained in laser-welded two-layered AZ31B/A5052-O plates, has amounted 

to 48 MPa [10], which corresponds to a tensile strength of approx. 84 MPa. In contrast, the bond tensile 

strength achieved in friction-welded two-layered AZ31B/1050A plates is 90 MPa [3], while for AZ31/1050A 

plates produced by the diffusion bonding method it is 80 MPa [2]. Study [7] determined the shear strength of 

the bond for two-layered AZ31B/7075 specimens obtained by the explosive welding method. The bond shear 

strength for that case was 70 MPa, which corresponds to a tensile strength of approx. 123 MPa. Whereas, in 

study [8], the strength of the bond in AZ31/1100A specimens, as obtained by the explosive welding method, 

was contained in the range from 69 to 78 MPa, which corresponds to a tensile strength from 121 to 136 MPa. 

Considering the above, it can be stated that the achieved bond strength of above 120 MPa is much higher 

than that of two-layered Mg/Al materials produced by the laser welding or friction welding method. It can also 

be stated that the obtained values are consistent with the results for two-layered Mg/Al materials produced by 

the explosive welding method. 

4. CONCLUSION 

From the obtained investigation results it can be concluded that the adopted parameters influenced the shape 

of the bond, and although a characteristic wavy bond was obtained in both cases, localized, very scarce 

regions of the occurrence of Mg-Al phases were observed for Specimen 3. The assumed explosive welding 

technological parameters provided in both cases a durable, high-strength Mg/Al bond. The achieved bond 

strength exceeds that of the Al layer, as evidenced by the rupture of the Al layer, instead of the bond region, 

in mechanical tests.  
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Abstract  

The study reports the results of laboratory investigation to develop the method of the recovery of zinc in either 

a metallic or oxide form from production waste containing about 70% Zn and the compounds of Fe, Cd, Cu 

and Mn. Laboratory tests were conducted in two directions using, respectively, a pyrometallurgical method and 

a hydrometallurgical method. The scope of the investigation encompassed the obtaining of zinc oxide on the 

induction furnace extraction filters, while for the hydrometallurgical processes - leaching, electrolysis and 

solvent extraction. The most effective method has been considered to be leaching with a 1M HCl solution, 

because of the highest Zn concentration after the electrolysis process and a low level of process difficulty. 

Keywords: Metallurgy, recovery, zinc, leaching, electrolysis  

1. INTRODUCTION  

Rapid depletion of natural resources which can be used for obtaining metals is observed in the recent years. 

Taking into account the occurrence of natural metal ores, their availability and possibilities of exploitation, one 

can distinguish the critical metals, i.e. metal which availability is necessary for advanced technologies, but is 

sensitive to political influences or economic fluctuations of supply. The group of critical metals includes e.g. 

indium, magnesium, rhenium, beryllium, antimony, gallium, cobalt, rare earth metals, or metals of platinum 

group. 

However, the growing demand for metal products requires searching for other sources of metals, e.g. waste 

materials, even in the case of non-critical metals, and the quantity of industrial waste increases year by year, 

making its utilization necessary. Therefore the necessity of employing the metal recovery technologies forces 

the research studies on waste utilization in order to recover as large amounts of metals as possible. 

The waste materials which can be a source of metals include scrap metal, used batteries and storage cells, 

cathode ray tube (CRT) glass, automotive catalytic converters, as well as production waste such as dust, slime, 

etc. [1, 2]. 

During the production of steel in arc furnaces, there arises the so-called electric arc furnace dust (EAF dust) 

in the amount of about 10 to 20 kg for each tonne of the produced steel. EAF dust contains mainly such metals 

(or their oxides) as zinc, cadmium, iron, lead, chromium, manganese. The dust can be subjected to pyro- and 

hydrometallurgical processes in order to recover mainly the metallic zinc. The choice between the 

pyrometallurgical and the hydrometallurgical zinc processing is imposed by the dust properties, including e.g. 

particle size, the quantity of valuable elements or mineral phases, which can indicate the number of 

components. 

The process of pyrometallurgical zinc recovery consists in accumulation of zinc oxide and its reduction to the 

metallic form with the carbonaceous material [3, 4]. The following pyrometallurgical processes are in use: the 

process in the shaft furnace, in the arc furnace, and in horizontal or vertical retort. The negative side of these 

processes is the huge energy consumption and the disadvantageous influence to the environment. 
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The basic problem in hydrometallurgical processes is the selection of the leaching agent, which depends on 

the form of the processed waste. The leaching agent is chosen in such a way that it would elute either the 

required metal or the remaining material. The typical hydrometallurgical process consists of three stages. 

During the first stage (leaching) metals pass into water solution - in the possibly selective way - due to reactions 

with the leaching agent, e.g. inorganic or organic acid [5-8], strong base [9], or other compound. The processes 

using acids elute metals very effectively, but unfortunately their action is not selective, therefore also the 

undesirable metals as e.g. iron pass into the solution. Moreover, acid solutions harmfully affect the 

metallurgical equipment. 

The following stage is separation of dissolved metals. It can be done by the liquid-liquid extraction [10-14], ion 

exchange, cementation, or the processes of transport of metal ions across liquid membranes. This stage allows 

for obtaining either pure metals (e.g. by means of the electrolytic process) or their compounds. The electrolytic 

deposition of zinc on the industrial scale is held with use of aluminium cathode and lead-silver anode (or 

reversely in the Tainton process). The zinc sulphate solution is used. As the electrolysis proceeds, zinc content 

in the solution decreases, and the sulphuric acid content grows. Zinc is deposited on the cathode. 

The work presents the results of investigation on the attempt of zinc recovery from steelmaking dust containing 

also other metals, namely Fe, Cd, Cu, Pb, Mn, and Cr. The undertaken attempt employed both pyro- and 

hydrometallurgical methods. 

2. ANALYSIS OF THE RESEARCH MATERIAL 

According to the information provided by its supplier, the test material contains a considerable quantity of 

metallic zinc. The laboratory-scale tests were aimed to determine the possible methods of zinc or zinc oxide 

separation from the production dust. Hence, two testing directions were planned: the first of them, 

pyrometallurgical, was aimed at obtaining zinc oxide, and the second one, hydrometallurgical, including 

leaching, electrolysis and solvent extraction, was to obtain metallic zinc. The research material in the form of 

dust was subjected to grain analysis by means of Infrared Particle Sizer L (IPS-L) analyser, and the obtained 
results are presented in Figure 1. 

 

Figure 1 Percentage distribution of particles in the research material 

It was found that about 90 % of the research material exhibits the grain diameter less than 20 µm, and about 

50 % is characterised by the grain diameter less than 2 µm. 
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The research material in the form of dust with an addition of reducing agent was melted in the induction furnace, 

in the graphite crucible. The weighted dust sample was mixed with fly ash using 0.5 weight part of fly ash for 

1 weight part of dust, and the whole mixture was put into the graphite crucible of the induction furnace. The 

melting was continued until evaporation of zinc. The evaporated zinc in the form of zinc oxide was collected 

on the extraction filter of an induction furnace during melting in an oxidizing atmosphere. The zinc oxide was 

indicated by the white colour, as well as the evaporation temperature, i.e. approx. 907 °C. As a result of the 

melting, after evaporating the zinc, an alloy sample was obtained, which was made up of approx. 25 weight 

parts of the charge and 5 weight parts of the slag. The obtained alloy sample was analysed by means of the 

scanning electron microscope Joel JSM 6610LV (SEM). The results of examination are presented in Table 1 

and Figure 2.  

Table 1 Chemical composition of the analysed sample  

Element (wt.%) (at.%) 

 

Figure 2 Characteristic X-radiation of precipitate in alloy 

C  10.24 34.55 

Si  0.38 0.55 

Cr  0.19 0.15 

Mn  0.61 0.45 

Fe  88.59 64.30 

   

3. LEACHING PROCESS 

Dust samples, each of mass equal to 10 g, were put into vessels and poured with 100 ml of the leaching 

solution, i.e. either HCl, or H2SO4, or HNO3, or NaOH solution of concentration equal to 1 mol/dm3. Time of the 

process duration was 180 minutes, and the temperature was 60 °C. The proportion of the solid phase (s) (mass 

of the treated material) to liquid phase (l) (volume of the reacting liquid) was equal 1:10 (kg/dm3). 

After the leaching process had been finished, samples of solutions were taken, diluted, and subjected to the 

analysis of metal concentration performed by means of Agilent MP-AES 4200 emission spectroscope, which 

uses microwave excited nitrogen plasma of the temperature equal to 5000 K for the purpose of exciting 

elements. The spectrometer is equipped with the Agilent 4107 nitrogen generator, taking nitrogen directly from 

the air supplied by a compressor. Table 2 presents concentration of metals in the examined solutions after 3 

hours of leaching, i.e. after completion of the process. 

Table 2 Concentration of metals in solutions after the leaching process (mg/dm3) 

Leaching agent Zn(II) Cd(II) Fe(II) Cu(II) Pb(II) Mn(II) Cr(II) 

1M HNO3 6500 6 521 35 722 145 9 

1M H2SO4 22840 52 2967 59 17 421 33 

1M HCl 29040 7 509 27 167 170 9 

1M NaOH 134 0 0 0 533 0 0 
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It was observed that, beside zinc, also other metals occurring in the steelmaking dust are transferred to the 

solution. The analysis of the solution composition showed also the presence of iron, manganese, copper, 

cadmium, and chromium. The application of NaOH solution as a leaching agent resulted in large selectivity of 

the process, since only zinc and lead were dissolved under such conditions. Application of acids (HCl, HNO3, 

H2SO4) caused the extraction of significantly greater amount of zinc, the relatively large amount of iron and 

manganese, and small quantities of other metals, i.e. lead, chromium, and cadmium. 

4. ELECTROLYTIC PROCESS 

The next stage of the study dealt with the electrolysis of solutions obtained by leaching processes without prior 

separation of various metal ions present in the solution. All the solutions obtained from leaching processes 

were subjected to electrolytic deposition. The aim of the process was to deposit metallic zinc on the cathode. 

Electrolysis was carried out at the temperature of 60°C for 180 minutes. Graphite electrodes were used. The 

current value was 0.2 A, the voltage was equal to 5 V. After completion of the process, the water solutions 
were again tested with respect to metal concentration. Results are given in Table 3. 

Table 3 Concentration of metals in solutions after the electrolytic process (mg/dm3) 

Leaching agent Zn(II) Cd(II) Fe(II) Cu(II) Pb(II) Mn(II) Cr(II) 

1M HNO3 6500 0 510 0 8 82 5 

1M H2SO4 22790 2 2910 0 0 421 25 

1M HCl 29100 0 486 0 5 165 3 

1M NaOH 12 0 0 0 2.4 0 0 

The results show that the selective leaching observed for the sodium hydroxide (NaOH) solution was followed 

by deposition of both dissolved metals on the cathode. They can be later separated by the pyrometallurgical 

processes. 

For the first three solutions, based on nitric, sulphuric (VI), or hydrochloric acid, the analysis of composition of 

the solutions indicated that such metals as Cu, Pb and Cr were deposited on cathode, while ions of three other 

metals (Zn, Fe, and Mn) stayed in the solution. The next step was separation of these metals in the solvent 

extraction process. 

5. SEPARATION OF Zn(II), Fe(II), AND Mn(II) IN THE SOLVENT EXTRACTION PROCESS 

The analysis of the concentrations of metals in solutions after the electrolysis process (Table 3) showed the 

presence of the ions of Zn, Fe and Mn in acid solutions. For the process of separation, an HCl solution was 

selected because of the highest Zn ion concentration and a low level of process difficulty. The aqueous phase 

used for examination was the chloride solution obtained after the leaching process carried out with HCl solution 

and subsequent electrolytic removal of some metals (Cu, Pb, Cd, and Cr). The concentration of zinc, iron, and 

manganese in the examined solution was equal to 0.4, 0.01, and 0.002 mol/dm3, respectively. The organic 

phase was 2M solution of di-(2-ethylhexyl)phosphoric acid (D2EHPA) in kerosene, which is a selective 

extractant with respect to the dissolved metals. Both phases, 50 ml of each, were shaked for 15 minutes by 

means of the WU-4 laboratory shaker/vibrator (Premed, Warsaw) at the frequency of 200 vibrations per minute 

and the temperature of 20 °C and left for 24 hours. After that, both phases were separated and the water 

solution was again examined with respect to metal concentration. 

The measured metal concentration values allowed for calculation of the extraction efficiency (%E) according 
to the Equation 1: 
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where Ci,aq denotes the initial concentration of metal in the aqueous phase, while Cf,aq is the final concentration 
of metal in the aqueous phase. Figure 3 presents the results of examination. 

 

Figure 3 The efficiency of extraction of Zn(II), Fe(II), and Mn(II) ions from the chloride solution. The aqueous 

phase: chloride solution, pH -0.1. The organic phase: 0.5 M solution of D2EHPA in kerosene 

It can be seen in Figure 3 that the solution after extraction process contains zinc ions and trace amount of 

manganese. The iron ions were completely removed to the organic phase. Zinc can be then separated either 

by electrolysis or by precipitation of ZnCO3 and its subsequent roasting leading to its chemical change into 

ZnO. 

6. CONCLUSIONS 

The carried out research work concerning the possibility of zinc recovery from the steelmaking dust allow to 

state that: 

• The examined material was EAF dust of grain size less than 20 µm, containing as much as 70 % of zinc, 
the remaining part consisting of Fe, Cd, Cu, Pb, Mn, and Cr compounds, what was confirmed by the 

examination results. 

• The solution containing NaOH exhibits selective leaching properties with respect to the analysed dust; 

only zinc and lead were dissolved under the experimental conditions. Application of acids (HCl, HNO3, 

and H2SO4) resulted in the extraction of significantly increased amount of zinc, iron, and manganese, 

and also caused the dissolution of small amounts of other metals, i.e. Cu, Pb, Cr, and Cd in the aqueous 

solution. 

• The selective action of NaOH solution made possible the deposition of Zn and Pb on the cathode during 

the electrolysis. Further separation can be done by the already known pyrometallurgical methods. 

• Zinc can either be separated from the analysed solutions by electrolysis or precipitated in the form of 
ZnCO3 by means of a selective extractant, which in turn can be roasted to obtain ZnO. 
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• Zinc recovery by the hydrometallurgical methods requires more stages, i.e. leaching, electrolysis, liquid-

liquid extraction, repeated electrolysis or precipitation, but it allows also for recovery of metals other than 

zinc, which are present in the considered dust. The hydrometallurgical methods are less expensive and 

less detrimental to the environment. 
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Abstract 

Nowadays, manufacturing of materials with unique properties is in the centre of attention of materials 

engineering. Aluminum and aluminum alloys are widely applied in variety of industries due to their high specific 

strength and in the following years they will become even more important. Construction elements made from 

aluminum and its alloys are produced mainly by casting or plastic working processes. In order to obtain the 

highest mechanical properties in afore mentioned materials their microstructure must be characterized by grain 

size on the level of sub- or nanoscale. This goal can be achieved on several ways including SPD methods or 

by applying more unconventional methods such as rapid solidification. In this paper mechanical properties and 

results of microstructure observations of AlSi5 and AlSi10 has been presented. Materials were obtained by 

two different methods. At first traditional casting followed by hot extrusion at the temperature of 400 °C was 

applied. The second manufacturing method was rapid solidification. In this case melted aluminum was casted 

on cold, fast rotating cooper wheel followed by plastic consolidation by hot extrusion. From obtained rods 

samples were cut for tensile test as well as microstructure observations which were performed both with a use 

of light and electron microscopy. Microstructure examination results and mechanical properties confirmed that 

rapid solidification significantly increases mechanical properties by structure refinement. 

Keywords: Rapid solidification, plastic consolidation, aluminum alloys, shape factor 

1. INTRODUCTION 

One of the most effective way to improve mechanical properties in metals and alloys is grain refinement, 

obtained for example in mechanical synthesis process or plastic consolidation of metal powders, quickly 

crystallized tapes, flakes, etc. [1-10]. In Al-Si alloys during traditional casting, hard, large and brittle Si particles 

may form which in result leads to material cracking during plastic forming. Rapid solidification (RS) processes 

allow to obtain material with a very fine grain size and highly fragmented Si particles, which increases their 

plastic workability during forming processes [11,13]. Proper distribution of fine precipitates and oxide phase 

enables effective blocking of grain boundaries movement, which contributes to the high stability of the structure 

at elevated temperatures [3]. In Al-Si alloys after plastic consolidation (e.g. RS442, AlSi12.5Fe5Cu3.5Mg1)) 

microstructure can characterize by highly fragmentation level with a matrix grain below 1 μm and high 

mechanical properties maintained even after annealing at 450 °C [11-13]. Rapid solidification process of 

hypereutectic 6061 alloy (with 26 wt.% Si addition) combined with KOBO extrusion (λ = 19) leads to 

fragmentation of silicon precipitates and sub-micron matrix grains. Despite the high Si content (26 wt.%), highly 

fragmented structure significantly increases the plasticity of the material [14]. 

2. EXPERIMENT PROCEDURE 

Materials used for the tests were AlSi alloys with Si addition of 5 wt.% and 10 wt.% (IM-ingot material, RS- 
rapid solidification material). Alloys were prepared by mixing silicon with AA1050 aluminum which chemical 
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composition presents Table 1. Materials used in the research were prepared by conventional casting process 

and rapid solidification method with a use of melt spinner. The materials production schematic is shown in 

Figure 1. Before the material was subjected to the RS process, it was inductively melted at 700 °C in the 

protective gas shield. Melted metal was subsequently cast through a hole in a crucible (with a diameter of 0.5 

mm), onto a fast-spinning copper wheel (with a diameter of 148). The wheel speed was 2800 rpm. The end 

results of this process were 3 mm wide and 10 to 40 μm thick ribbons. The next step was compacting of the 

obtained ribbons at ambient temperature on a vertical press under load of 240 MPa. As a result, round 

compacts were obtained, with a diameter of 38 mm and a height of 10 mm. The last stage of the production 

process was hot extrusion of solid ingots and compacted RS briquettes. Both materials in a form of 200 g 

weight charge were extruded at 400 °C with a ram speed of 3 mm/s to form a rods with a diameter of 8 mm. 

Micro-structured samples were taken from longitudinal sections and were examined using the HITACHI SU-

70 scanning electron microscope. The mechanical properties were determined in uniaxial tensile test. 

Table 1 Chemical composition of AA1050 alloy 

Element Al Cu Fe Mg Mn Si Ti V Zn Others 

weight % 99.5 0-0.05 0-0.4 0-0.05 0-0.05 0-0.25 0-0.03 0-0.05 0-0.05 0.03 

 

Figure 1 Materials used in the experiment: a) ingot, b) ribbons, c) briquette, d) extruded rod  

3. RESULTS AND DISCUSSION 

In Figure 2 microstructure on the longitudinal section in as extruded rods has been presented. Both  

Figures 2a and 2b present solid material microstructure, with a Si content of 5 wt.% and 10 wt.% respectively. 

In both examined rods brittle silicon particles with various morphology and average area of 2 μm2 were 

observed. In addition brittle, intermetallic phases of AlFeSi are also visible in the structure in the form of white 

precipitates. These phases are characterized by higher level of fragmentation than Si particles. Both Si and 

AlFeSi phases were distributed evenly in the entire volume of the observed rods. Figures 2c and 2d show the 

microstructure of rods obtained from a RS material with a silicon content of 5 wt.% and 10 wt.%. Compared to 

the microstructure of rods extruded from solid material, finer silicon phase are observed, with an average 

surface area of 0.13 μm2. Rapid solidification resulted in fragmentation of both silicon particles (by 15 times) 

as well as intermetallic AlFeSi phases. Inhibition of silicon growth is most likely caused by limitation of diffusion 

processes during rapid solidification. Differences size of Si and AlFeSi phase sizes are confirmed by elements 

distribution map shown in Figure 3 for solid material and in Figure 4 for the material obtained from rapidly 

solidified ribbons. 
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Figure 2 Microstructure of as-extruded rods: a) AlSi5 IM, b) AlSi10 IM, c) AlSi5 RS, d) AlSi10 RS 

  
     Si   Al   Fe 

Figure 3 Elements distribution maps for AlSi10 IM (SEM/EDX) 

 
     Si   Al   Fe 

Figure 4 Elements distribution maps for AlSi10 RS (SEM/EDX) 

By analyzing the microstructure of the obtained rods by hot extrusion process, a significant change in 

morphology of silicon particles was observed depending on the method of obtaining the material. In addition 

to size change, shape of Si particles also changed. In order to examine these variations, shape factor of the 

silicon precipitates was determined with a use of ImageJ software. By determining Si shape factor level of 

particle surface development can be measured. The lower the value of the coefficient, the more developed 

area of the analyzed particle [15]. For each extruded rod microstructure analysis was performed with a use of 
10 photos. Figure 5 shows the percentage of individual shape factor ranges. Similar distribution graphs can 
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be observed for the material obtaining by the same method regardless of Si content. However, when 

comparing alloys obtained by different methods, percentage contribution of individual shape factor ranges 

differ significantly. In the case of rods obtained from solid material, approximately 90% of all particles remain 

in shape factor range from 0 to 0.6. In the case of material obtained from RS ribbons, this tendency is reversed 

and about 90% of all particles remain in the range of 0.5 in the above. 

 
Figure 5 Shape factor distributions of Si particles in samples: a) AlSi5 IM, b) AlSi10 IM, c) AlSi5 RS,  

d) AlSi10 RS 

 

Figure 6 Comparison of mechanical properties obtained from uniaxial tensile test 

Rm Rp 0.2 A (%) 
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Figure 6 presents the results of tensile tests carried out at ambient temperature. In case of traditionally cast 

materials, increasing Si content in alloys from 5 wt.% to 10 wt.% resulted in almost double increase in UTS 

value from 132 MPa for AlSi5 IM to 228 MPa for AlSi10 IM. Additionally significant increase in the yield strength 

with simultaneous reduce of total elongation to 11% was observed. Rapidly solidified AlSi5 RS samples were 

characterized by higher UTS value of 156 MPa in comparison to traditionally cast reference material AlSi5 IM. 

At the same time, the increase in elongation is only 2%. In the case of RS alloy with 10 wt.% of Si addition, 
was observed further increase in strength properties (both Rm and Rp 0.2). It is worth emphasizing that the total 

elongation for RS alloy with 10 wt.% Si is almost two times higher than AlSi10 IM. 

4. CONCLUSIONS 

1) Raising the silicon content to 10 wt.% resulted in an increase of mechanical properties by about 70% 

compared to rods with 5 wt. of Si addition. 

2) Rapid solidification process resulted in material strength increase by about 20%, and in the case of rods 

with Si content of 10 wt.%  significant improvement in total elongation (from 11% for AlSi10 IM to 19% 

for AlSi10 RS). 

3) The combination of rapid solidification and plastic consolidation influenced both on size and morphology 

of AlFeSi and silicon phases. In comparison to the conventionally cast alloys, RS materials possessed 

finer silicon particles (15 times smaller) with less surface development. 
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Abstract  

Phase change materials (PCMs) are now a well-established category of materials for thermal energy storage. 

Most PCMs need to be hermetically sealed in a container or a storage tank because of the risk of leakage to 

the surrounding environment when a PCM is in the liquid state. A good compatibility between the PCMs and 

the materials for their encapsulation is very important for the long lifespan and safety of the heat storage 

systems. Metals are excellent heat conductors and for this reason they are often used as encapsulation 

materials for PCMs. The present paper focuses on the methodology and results of the compatibility tests of 

organic and inorganic PCMs with metals. Three sets of metallic samples of encapsulation materials have been 

prepared. The first set contained copper samples, the second aluminum samples and the third stainless steel 

samples. The samples were immersed in the PCMs creating metal - PCM pairs and then subjected to periodical 

heating and cooling in a small environmental chamber, which imitated the operation of thermal energy storage. 

One set of metal samples was withdrawn for testing each month. The results indicate a good compatibility 

between stainless steel and all tested PCMs. 

Keywords: Corrosion, metals, phase change materials, material compatibility  

1. INTRODUCTION  

High thermal conductivity is typical for all common metals used in practice and thus metals are materials of 

choice when good heat conduction is needed. One of the examples of their use is encapsulation of latent heat 

storage media. These media utilize phase change transition during melting and solidification and thus absorb 

and release higher amount of thermal energy in comparison with sensible heat storage media, e.g. rock, gravel 

or water. Because latent heat storage media change phase from solid to liquid and vice versa, they must be 

hermetically encapsulated to avoid the risk of leakage to the surrounding environment. Thermal energy storage 

is important for overcoming the mismatch between energy needs and energy supply from renewable energy 

sources, e.g. solar thermal or biomass boilers. Thermal energy is often stored in tanks or boreholes in such 

energy systems. In the built environment, thermal energy can be stored directly in the building structures when 

solar heat gains through the external windows are available. The development of suitable latent heat storage 

media encapsulated in proper and durable materials with high thermal conductivity is a key issue for the 

consequent development of latent heat storage technology. Added value of latent heat storage technology is 

the significant reduction of the volume of heat storage material due to its high thermal energy storage density. 

Latent heat storage media for the use in hydronic heating and cooling systems are usually sealed in metal 

containers, tubes or spheres [1]. The same metal materials are often used for heat exchangers, because the 

latent heat storage medium must be separated from the heat transfer fluid. Latent heat storage media 

represented by Phase Change Materials (PCMs) can be organic or inorganic. The compatibility between the 

storage medium and the encapsulating material has a significant impact on the stability and service life of the 

whole thermal energy storage system. Khan et al. [2] collected results from experimental works focusing on 

the compatibility between the heat storage media and the container materials. Authors concluded that salt 

hydrates caused corrosion of metal containers with the exception of stainless steel, which showed a good 

compatibility. 
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In this study, selected metals were tested experimentally to find the most suitable material for encapsulation 

of PCMs. The chemical compatibility of the PCMs and selected metals was analyzed by immersion corrosion 

tests. 

2. MATERIALS AND METHODOLOGY 

Three metals were selected for testing of their compatibility with PCMs. The chosen materials differed in their 

expected chemical resistance. The first material was aluminum AW 1050 H111. Excellent electrical and heat 

conductivity is its important characteristic for which it is widely used in many applications. Aluminum is often 

used for macro-encapsulation of PCMs because it provides high ratio between the weight of a PCM and the 

weight of the container. The second material selected for testing was copper CW024A, which also has good 

electrical and heat conductivity. Corrosion on the surface of copper occurs due to weather and it has a typical 

color. The third tested metal was stainless steel EQ308L, which was chosen for its high resistance to chemical 

corrosion. It was assumed that stainless steel would show the smallest visual change, weight change and the 

rate of corrosion during the experiment. All samples were of a rectangular shape with the surface area of about 

7.0 cm2 in case of aluminum, 7.5 cm2 in case of copper and 9 cm2 in case of stainless steel. 

Two organic PCMs and one inorganic PCM were used in the compatibility tests. Hydrated salts are a basic 

component of many PCMs in the inorganic category and they are known for their corrosive behavior. A large 

group of organic PCMs is based on paraffin. Two commercially available paraffin-based PCMs Linpar 17 

(phase change temperature of 21 °C) and Linpar 1820 (phase change temperature of 27 °C) were chosen as 

the representatives of organic PCMs and Rubitherm SP25 (phase change temperature of 25 °C) represented 

inorganic PCMs in the tests. This inorganic PCM had neutral pH. The metal samples were immersed in the 

beakers filled with the PCMs and the beakers with the samples were put into a small environmental chamber. 

The thermal test cycle consisted of four stages. In the first stage, the temperature in the chamber was slowly 

increased to 40 °C. In the second stage, the temperature in the chamber was maintained constant at 40 °C. 

In the third stage the temperature was slowly decreased to 15 °C and in the fourth stage it was maintained at 

15 °C. Each stage lasted 4 hours and the cycle was repeated for 4 months. One set of metal samples was 

withdrawn for testing each month. The procedure for evaluation of the corrosion rate CR of metal samples, as 

described in [3, 4], was used. Preparation, cleaning and evaluation of the samples was done in accordance 

with ASTM G1 standard presented in [5]. Upon withdrawal from the chamber, the samples were cleaned, 

visually inspected, weighted and the corrosion rate was calculated according to the following equation: 

)(

)()(

0

0

ttA

tmtm
CR

−⋅
−

=             (1) 

Where CR is the corrosion rate (mg·cm-2·a-1), m(t0) is the initial mass (mg), m(t) is the final mass (mg), A is the 

area of the metal sample (cm2) and (t0 - t) is exposure time (year). 

3. RESULTS AND DISCUSSION  

The main goal of the study was to investigate the suitability of selected metals for their employment as 

encapsulation materials for PCMs. The suitability was explored in terms of visual changes and weight changes 

after exposure to PCMs. It was assumed that the exposure of metal samples to the PCMs would affect their 

shape, form, and perhaps also color. This assumption proved true in case of the samples of copper immersed 

in Rubitherm SP25. The copper samples exhibited surface non-uniform corrosion after being exposed to PCM 

for more than 1 month. 

Figure 1 shows the set of copper samples with the progressing surface corrosion in the order of their 

withdrawal from the chamber. The sample number 8 was withdrawn from Rubitherm SP25 after about 104 

days, corrosion having covered about 40% of its surface. The aluminum samples have also shown signs of 
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surface corrosion in Rubitherm SP25, having been covered in a white powder. This outcome has not been 

observed in other PCMs and the samples of stainless steel. In terms of the visual changes the copper samples 

exposed to Rubitherm SP25, which appeared to be the most corrosive, have been negatively affected. 

 

Figure 1 Visual changes of copper samples immersed in Rubitherm SP25 depending on the exposure time 

(from left to right: 1 month - 2 months - 3 months - 4 months) 

The samples of all metals showed very small corrosion rates throughout the duration of their exposure to the 
two types of paraffin-based group PCMs (Linpar), as can be seen in Figure 2 and Figure 3. The corrosion 

rates were almost negligible. The corrosion rates have likely been affected by the measurement error and 

surface cleaning of the metal samples. The dependence of the weight change of tested metals on the exposure 
time is presented in Figure 4. 

 
Figure 2 The dependence of corrosion rate CR (%) on exposure time for Linpar 1820 

The behavior of the copper samples exposed to Rubitherm SP25 was different from other two metals, as can 
be seen in Figure 3. This behavior was accompanied by the occurrence of surface corrosion on the samples. 

The aluminum and stainless steel samples have shown only slight changes on the surface during the tests 

and it can be recommended to repeat the test for longer time periods. The largest mass loss of copper 

immersed in salt-hydrate based inorganic PCM represented by Rubitherm SP25 corresponds with the results 
presented by Farrell et al. [6]. 
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Figure 3 The dependence of corrosion rate CR (%) on exposure time for Rubitherm SP25 

 
Figure 4 The dependence of weight change on exposure time for Linpar 18-20 

4. CONCLUSION 

The conducted testing confirmed good chemical compatibility between stainless steel and the three selected 

PCMs. The highest corrosion rate was obtained for copper immersed in a salt-hydrate based PCM. All three 

tested metals immersed in organic PCMs exhibited almost no weight change. Therefore, there is no need for 

special coating when these metals are in direct contact with the organic PCMs. Based on the presented results 

copper is not a suitable material for encapsulation of inorganic PCMs containing hydrated salts. 
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Abstract  

The practical use of FeAl intermetallic alloys will be possible in a wider range after the development of not only 

the technology of making permanent joints, but also after determining their physicochemical properties. In the 

work, the surface condition of the intermetallic FeAl alloy by use TIG AC and DC(-) were remelted and in the 

air at 900 and 1000 °C were oxidized. Differences in the surface state of melted Fe40Al5Cr0.2TiB alloy were 

found depending on its area, in particular in the area of remelting and fusion line. For the tests, the 

Fe40Al5Cr0.2TiB intermetallic alloy was used as the basic material after casting, which was modified by TIG 

remelting. Next, microstructure analysis was performed using light microscopy, scanning electron microscopy 

and hardness measurements before and after oxidation. In addition, corrosion products were analyzed using 

XRD. 

Keywords: TIG AC/DC method, remelting, FeAl alloys, properties 

1. INTRODUCTION 

The alloys based on intermetallic phases are characterized by an ordered internal structure and properties 

resulting from the occurrence of three types of bonds: metallic, ionic and covalent. The energy of binding of 

two different atoms is greater than the bonds between the same elements in the alloy, which ensures ordering 

the structure of the solution. A significant share of aluminum in the composition of alloys based on intermetallic 

phases provides these materials, owing to the intrinsically tight protective layers that form,  

a high heat resistance to corrosion of the aggressive environment. Aluminum and titanium also determine their 

low density with relatively high strength and high modulus of lateral elasticity. The FeAl intermetallic phases 

containing 36% to 51% of aluminum atoms have stable properties over a wide temperature range  

[1-5]. They are also characterized by a low density of 5.5 g/cm3, high corrosion resistance compared to 

traditional construction materials, aggressive environments, seawater, carburizing, sulphur and very good 

tribological properties at elevated temperature. Fe-Al alloys have found wide application in many branches of 

industry, such as energy, air and petrochemical [6-8]. In the automotive industry, they can be used as elements 

of a hot turbocharger part, rings, catalyst elements [9]. Due to low material costs and satisfactory properties, 

these alloys can replace some steels containing chromium and nickel. The development of methods for joining 

these alloys would expand the range of their application, e.g. as elements of combustion engines.  

2. RESEARCH MATERIAL AND METHODOLOGY 

The aim of the research was to determine the weldability of the alloy by TIG welding on the Fe-Al intermetallic 

phase matrix, determine the structure changes occurring in the material during TIG-AC and  

TIG-DC(-) melting and the resistance of the resulting joint to high temperature corrosion [10]. The test material 

was an alloy based on the Fe40Al5Cr0.2TiB intermetallic phase after casting, the chemical composition of 
which is summarized in Table 1. The Pure melt was used to melt the alloy: Armco iron (technically pure), Aro 

aluminum (99.995% pure), chromium aluminotermic obtained by the Koll method and amorphous boron 
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(chemically pure). The melts were carried out in the Balzers induction vacuum furnace VSG-2. Smelting was 

carried out in a vacuum (10-2 Pa). Fe melting of the alloy on the Fe-Al intermetallic phase was carried out using 
the TIG method in protective gas shielding. The process parameters are summarized in Table 2. The TIG 

method was used to remelting alloy samples on the intermetallic phase matrix due to the concentrated electric 

arc, the ease of selection of parameters and the high quality of the products obtained. Samples remelted with 

the TIG method were subjected to oxidation in an oven under air at 900 and 1000 °C for 100 h. The material 

was then subjected to microstructure observations using the Olympus GX51 light microscope and the Hitachi 

S-4200 scanning electron microscopy together with the X-ray microanalysis of the EDS chemical composition. 

The next step was to conduct a phase analysis of corrosion products created during oxidation in the air. The 

tests were carried out on an Empyrean X-ray diffractometer from PANalytical, designed for the analysis of the 

phase composition of polycrystalline materials. 

Table 1 Chemical composition Fe40Al5Cr0.2TiB alloy 

Compound Fe Al Cr Ti B C 

weight % 68.18 23.50 5.67 0.14 0.015 0.056 

Table 2 Parameters of welding process 

TIG Current- 
electrode 

Thickness 
(mm) 

Shielding gas Current (A) 
Flow rate 

(l/min) 
Position of 

welding 
Welding 

speed (mm/s) 

DC(-) 

WTh 2,4 
5 Argon I1 100 10 

PA, Flat -
Down hand 

1.0-2.5 

AC 

WTh 2,4 
5 Argon I1 

100 Balance 
50% 

10 
PA, Flat -

Down hand 
1.0-2.5 

3. EXPERIMENTAL RESULTS 

The work analyzed the properties of a welded joint made of FeAl alloy by TIG (AC). Observations of the 

remelted microstructure before oxidation were carried out. The results of the observations are presented in 
Figures 1 and 2. It was found that in the case of a weld joint obtained with the TIG AC method, grains in the 

weld are arranged in a directional way to a greater extent than in the case of a weld obtained with the TIG DC 

(-) method. This is due to the amount of heat input to the welding site, which is confirmed by the depths of 

remelting the layer. For the TIG DC (-) method, the penetration depth is about 20% higher compared to the 

TIG AC method. In both cases, the grain size in the weld was reduced in relation to the native material. 

  

Figure 1 Microstructure of Fe40Al5Cr0.2TiB alloy melted with TIG-AC before oxidation 
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Figure 2 Microstructure of Fe40Al5Cr0.2TiB alloy melted with TIG-DC before oxidation 

Investigations of the alloy microstructure after oxidation are shown in Figures 3 and 4. No change in the grain 

size as a result of oxidation of Fe40Al5Cr0.2TiB alloy after melting by TIG AC and DC (-) at both 900 °C and 

1000 °C. This means that the material has a stable microstructure in high temperature conditions. There was 

no grain growth in the melting zone. The oxidation process was carried out in an oven at 900 and 1000 °C in 

an air atmosphere. Conducting this type of tests was aimed at determining the corrosion resistance of the 

melted alloy Fe40Al5Cr0.2TiB with the TIG method in an inert gas shield (Argon-100%). Due to the fact that 

this material is resistant to oxidation, it is appropriate to determine the corrosion resistance at elevated 

temperature of the welded joint because in the course of remelting changes occur in the material structure and 

chemical composition in relation to the starting material. 

    

Figure 3 Microstructure of Fe40Al5Cr0.2TiB alloy melted with TIG-AC after oxidation at 900 and 1000 °C 

    

Figure 4 Microstructure of Fe40Al5Cr0.2TiB alloy melted with TIG-AC after oxidation at 900 and 1000 °C 
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The surface condition of the material after oxidation was analyzed. The test results are shown in Figures 5 

and 6. It was found that the surface is covered with an oxide layer. The structure and growth mechanism of 

the protective scale 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 layer 

develops over the whole of their surface at the time of contact of the hot metallic phase with oxygen, regardless 

of the temperature. 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 (Figures 5, 6). 

    

Figure 5 Condition of the surface of the remelted TIG alloy Fe40Al5Cr0.2TiB after oxidation at 900 °C 

    

Figure 6 Condition of the surface of the remelted TIG alloy Fe40Al5Cr0.2TiB after oxidation at 1000 °C 

X-ray phase analysis of corrosion products showed that on the surface of the oxidized material there are 

elements contained in the alloy and clear areas with a high content of Al, Fe and O, so elements constituting 
the oxides formed on the surface. Figure 7 shows the results for a sample melted down by TIG AC and 

oxidised at 900 °C. The results for the other samples are similar. Due to the research methodology adopted, 

the presence of oxygen should only be considered as an estimate. To determine the type of oxidation products 
formed, a phase analysis was performed. The results of the observations are presented in Figure 8 and 9. 

During melting, intensive mixing of the components takes place which determines the formation of Al2FeO4 

(spinel) because it does not create a passive layer of Al2O3, which hinders spinal oxygen transport. The results 

for TIG DC (-) remelted samples are comparable. 
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Figure 7 X-ray microanalysis of EDS chemical composition after smelting with TIG AC and oxidation at 900 °C 

 
Figure 8 X-ray phase analysis of Fe40Al5Cr0.2TiB melted with TIG AC after oxidation at 900 °C 

 
Figure 9 X-ray phase analysis of Fe40Al5Cr0.2TiB melted with TIG AC after oxidation at 1000 °C 

Weight %  Al-K  Cr-K  Fe-K 

Base(13)_pt1    43.3     1.1    55.6 

Base(13)_pt2    55.4     7.7    36.9 
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4. CONCLUSION 

The use of the TIG method for melting the Fe40Al5Cr0.2TiB intermetallic alloy makes it possible to create a 

weld combined with the parent material in a way that allows to conclude that both the weld and the boundary 

of the penetration are free from structural defects visible in the microstructure tests carried out with LM. The 

joint is characterized by a significant grain refinement in relation to the grain size obtained after crystallization. 

Untreated material subjected to corrosion tests does not show any compounds other than Al2O3 using the EDS 

method in the area of corrosion products. The passive Al2O3 layer prevents spinal diffusion of oxygen and the 

chemical affinity of Al and O causes the formation of a tight insulating layer on the surface. Probably mixing of 

ingredients and high temperature during the melting process cause the formation of corrosion products in the 

form of oxides from other material components outside of aluminum.  
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Abstract 

Additive manufacturing offers great potential for producing metal parts with a high degree of geometrical 

complexity and high mechanical properties. However, the number of alloys in the form of powder material that 

can be applied in these technologies are limited at the moment. A solution for this problem might be found by 

utilizing a mechanical mixture of elemental powders for manufacturing parts by laser additive manufacturing 

which would result in the in-situ synthesis of the required alloy. This work presents the results of the study of 

the in-situ synthesis of Ti-5Al, Ti-6Al-7Nb and Ti-22Al-25Nb alloys by laser additive manufacturing, i.e. 

selective laser melting (SLM) from elemental powders. Titanium, aluminum, and niobium powder particles 

were used as initial powders, which were mechanically mixed to prepare powder mixtures of the corresponding 

alloys. It was shown that SLM technology can be successfully utilized to synthesize α-titanium Ti-5Al alloy from 

elemental powders with homogeneous chemical composition and high mechanical properties. In order to fully 

dissolve niobium particles and achieve a homogeneous chemical composition and microstructure of Ti-6Al-

7Nb and Ti-22Al-25Nb alloys heat treatment of bulk samples after SLM is required. The microstructure, phase 

composition of the obtained material before and after different heat treatments were studied, also the 

mechanical properties of the obtained alloys were investigated. 

Keywords: Additive manufacturing, selective laser melting, titanium alloys, in-situ synthesis 

1. INTRODUCTION 

Titanium alloys are widely used in different industries, for example, for producing aviation parts due to its high 

specific strength, corrosion resistance and its ability to withstand relatively high temperatures. In the recent 

years, there is a tendency for increasing a fraction of titanium parts in the total mass of a gas-turbine engine. 

However, the problem of developing high-temperature titanium alloys which could have a working 

temperatures 600 - 750 °C has not been solved yet. Orthorhombic titanium alloys based on a Ti2AlNb-phase 

are considered to be most promising materials for manufacturing parts of a last stage compressor and a turbine 

of a new generation engine due to their high specific strength and a working temperature higher than 600 °С 

[1]. However, a possibility of utilizing such alloys in additive manufacturing technologies has not been studied. 

Modern industry development rates require introduction of advanced manufacturing techniques for metal parts. 

One of them is additive manufacturing which combines digital design for creation a CAD-model of a future part 

and production of the part by adding material layer-by-layer using special equipment [2, 3]. Selective laser 

melting (SLM) of metal powders is one of the most accepted and advanced technique for manufacturing of 

metal parts by additive manufacturing. 

Metal powders are used for the initial feedstock material in SLM technology. The powders for additive 

manufacturing are usually produced by gas of plasma atomization methods. Due to difficulties in manufacturing 

of powders of complex alloys for additive manufacturing, a range of commercially available materials is limited. 
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A solution for this problem might be found by applying alternative methods for producing titanium alloys parts 

by additive manufacturing. One of these methods is utilizing a mechanical mixture of elemental powders for 

manufacturing parts by layer-by-layer synthesis which would result in in-situ synthesis of the required alloy [4]. 

At the moment, there several studies which describe investigations of a layer-wise in-situ synthesis for such 

systems as Ti-Ni [5], Ti-Ta [6, 7], Ti-Al-V-Mo [8]. These papers usually show that SLM technology can be 

successfully used for in-situ synthesis of alloys which are not available in the form of a pre-alloyed powder. 

The aim of this work is to investigate and evaluate the possibility of a layer-by-layer in-situ synthesis of different 

types of titanium alloys from elemental powders by SLM. Using Ti-5Al, Ti-6Al-7Nb и Ti-22Al-25Nb elemental 

powder mixtures we synthesized bulk specimens with two lasers of different power and spot diameter. The 

microstructure, phase composition of the obtained material before and after different heat treatments were 

studied, also the mechanical properties of the obtained alloys were investigated. 

2. MATERIALS AND METHODS 

Three titanium alloys were chosen for study of in-situ synthesis from elemental powders: Ti-5Al (wt.%), Ti-6Al-

7Nb (wt.%), Ti-22Al-25Nb (at.%). The initial powders used for preparing powder mixtures of Ti-5Al, Ti-6Al-7Nb, 

and Ti-22Al-25Nb alloys were titanium (CP Ti Grade 2), aluminum (99.9% purity) and niobium (99.7% purity). 
The images of the initial powder particles are shown in Figure 1. Titanium and aluminum powder particles 

have spherical shape while niobium particles have an irregular shape. 

 

Figure 1 Images of the initial powder particles: Ti (a), Al (b) and Nb (c) 

Particle size distribution of the powders was measured by laser diffraction technique with Analysette 22 
NanoTec plus. The information about particles size distribution of the powders is presented in Table 1. 

Table 1 Particle size distribution of the initial powders 

Powder d10 (µm) d50 (µm) d90 (µm) 

Ti 23.8 44.6 76.1 

Al 8.5 21.2 41.1 

Nb 15.1 32.9 65.1 

The powder mixtures were prepared from initial powders by mixing them in a tumbler mixer for 12 hours. The 

time of mixing was chosen so that to obtain an uniform distr ibution of several elements in the mixture. SLM 

Solutions 280 HL machine was used to synthesize bulk samples. The synthesis of the samples was carried 

out on a titanium base plate. A thin powder layer was deposited on the platform. The deposition is carried out 

by a special recoater device, which contains powder and distribute the powder to create a smooth layer. After 

that the layer is processed by laser irradiation. A laser beam is being focused on the surface of the powder 
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layer, creating a laser spot. The laser beam is moved with a mirror system accordingly to the computer file. By 

applying laser irradiation, the powder layer is melted and then creating a solidphase structure. After that the 

platform is lowered by one layer thickness and a new powder layer is deposited. This process is repeated until 

the final part is produced. The synthesis of the samples was carried out in an argon atmosphere. The SLM 

280 HL machine is equipped with two fiber lasers with 1.07 µm wavelength and maximum power 400 W and 

1 kW. The laser with 400 W maximum power has a laser spot with a diameter about 80 µm and a Gaussian 

intensity profile, while the laser with 1 kW maximum power has a laser spot diameter about 700 µm and a 

uniform intensity profile. To study microstructure, phase composition of the synthesized material bulk samples 

of 10x10x10 mm size were produced. For mechanical tests, cylindrical specimens of 12 mm diameter and 90 

mm length were manufactured and then machined to size according to ISO 6892-1. The SLM process 
parameters used in this work to produce bulk samples are presented in Table 2. 

Table 2 SLM process parameters used to produce bulk samples 

Laser 
profile 

Laser 
power (W) 

Scanning 
speed (mm/s) 

Hatch distance 
(µm) 

Layer 
thickness (µm) 

Volume energy 
density (J/mm3) 

Laser spot 
diameter (µm) 

Gaussian 275 760 120 50 60.3 ~80 

uniform 950 350 450 100 60.3 ~700 

The microstructure studies were carried out with a scanning electron microscope (SEM) TESCAN Mira 3 LMU 

using both secondary electrons (SE) and backscattered electrons (BSE). This microscope is equipped with an 

energy-dispersive X-ray spectroscopy (EDS) option which was used for local chemical analysis of the samples. 

The phase composition was analyzed with a Bruker D8 Advance X-ray diffraction (XRD) meter using CuKα 

(λ = 0.15418 nm) irradiation. The mechanical tensile tests were carried out at room temperature and 400 ºC 

according to GOST 1497-84 (ISO 6892 «Metallic materials - Tensile testing») and GOST 9651-84 (ISO 783 

«Metals. Methods of tension tests at elevated temperature») using Zwick/Roell Z050 testing machine. The 

samples made from Ti-5Al mixture were heat treated in a MTI VBF-1200X vacuum furnace. They were 

annealed at 750 ºC for 1 hour and furnace cooled. Ti-6Al-7Nb and Ti-22Al-25Nb samples were sealed in quartz 

tubes in vacuum and heat treated in a KJ-1700X muffle furnace. They were annealed at temperatures from 

1050 ºC to 1350 ºC for 1 to 4 hours with furnace cooling. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the image of Ti-5Al powder mixture after mixing for 12 hours. Titanium and aluminum powder 

particles kept their spherical shape, which is important for the flowability of the powder. Aluminum particles 

have smaller size compared to titanium and are uniformly distributed in the mixture. However, there are some 

coagulated fine particles of aluminum in some places of the mixture. 

 

Figure 2 Ti-5Al powder mixture 
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The SEM-images of the non-etched sample surface in BSE are shown in Figure 3. There are no visible areas 

with separate unmelted particle of Ti or Al. The relative density of sample, measured by the Archimedes 

method, is 98.97±0.07 %. The EDS analysis in different points showed that aluminum particles were fully 

dissolved in titanium matrix during the SLM process both using 275 W and 950 W laser power. However, the 

content of aluminum for 275 W samples is closer to the initial aluminum content of the powder mixture, while 

950 W samples have slightly lower aluminum content, which might be the result of its evaporation during the 

SLM process. 

 

 

 

 

 
Figure 3 SEM-images of the non-etched samples' surfaces produced from Ti-5Al powder mixture with 275 W 

(a) and 950 W (b) laser power. EDS analyses - mean values of concentrations 

The XRD results (Figure 4) showed that the samples produced from Ti-5Al powder mixture with a laser with a 

big spot diameter and 950 W as well as with a small spot diameter and 275 W power have only HCP-titanium 

phase with aluminum dissolved in it. 

The microstructure of the bulk samples (Figure 5) consists of α-titanium equiaxed grains of different size. The 

grain size tends to be bigger with using the higher laser power, which can be caused by difference in cooling 

rates during the SLM process. While using 275 W laser with a Gaussian intensity profile the samples are more 

prone to cracking during the SLM process compared to 950 W laser with a uniform intensity profile, which is a 

result of higher cooling rates in case of the laser with a small spot diameter. In this regard, the samples for 

mechanical tests were produced using 950 W laser power. 

 
Figure 4 The XRD results for Ti-5Al powder mixture and bulk samples produced by SLM 

Al (wt.%) Ti (wt.%) 

4.9 95.1 

Al (wt.%) Ti (wt.%) 

4.55 95.45 

a) b) 
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Figure 5 The microstructure of the Ti-5Al samples produced with 275 W (a) and 950 W (b) laser power 

The results of mechanical tests of the specimens after annealing at 750 °C for 1 hour and comparison with the 
properties of conventionally manufactured material are shown in Table 3 The tensile strength of the 

synthesized material at room temperature is 897±7 MPa with the elongation at break 5.0±1.2 %, which is 

comparable to conventionally produced Ti-5Al alloy. The tensile strength at 400 °C is 521±12 MPa, which is 

higher than tensile strength of a casted Ti-5Al alloy and in the order of hot-rolled material. 

Table 3 Mechanical properties of Ti-5Al alloy, obtained from elemental powder mixture by SLM and their  

   comparison with the properties of conventionally produced Ti-5Al alloy 

Testing 

temperature (°C) 
Alloy 

Yield strength 

(MPa) 

Tensile 

strength (MPa) 

Elongation at 

break (%) 

20 

Ti-5Al (SLM after annealing) 855 ± 15 897 ± 7 5.0 ± 1.2 

Ti-5Al casted [9] - 800 6 

Ti-5Al hot rolled and annealed [10] - 685-735 6-8 

Ti-5Al (powder sintering at 1300-1400 °C) [9] - 590-830 0.7-6.9 

400 

Ti-5Al (SLM after annealing) 412 ± 10 521 ± 12 9.7 ± 1.1 

Ti-5Al casted [10] - 350 10 

Ti-5Al hot rolled and annealed [9] - 520 - 

During the SLM of Ti-6Al-7Nb powder mixture titanium and aluminum particles were fully melted, while niobium 
particles (white areas) were only partially melted (Figure 6). The synthesized material obtained by SLM 

consists of a solid solution of alloying elements in titanium with separate niobium particles. The maximum 

relative density of the synthesized material is 98.9 %. 

 

Figure 6 SEM-images of the non-etched sample surface produced from Ti-6Al-7Nb powder mixture with 950 

W laser power (green line corresponds to Ti concentration, red - Al, blue - Nb). EDS analyses - mean values 

of concentrations 

Point Al (wt.%) Nb (wt.%) Ti (wt.%) 

1 0.2 98.2 1.6 

2 0.5 94.2 5.3 

3 6.5 7.2 86.3 

4 5.9 5.5 88.6 

1 

2 

3

4 
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In order to dissolve niobium particles and achieve more homogeneous chemical composition in the 

synthesized material, the specimens were annealed at conditions. The microstructures of the synthesized Ti-
6Al-7Nb alloy are shown in Figure 7. If the annealing temperature were lower than 1350 ºC niobium particles 

did not dissolve in the matrix. At 1350 ºC and soaking time 3.5 hours separate niobium particles were not seen 

in the material. The alloy features (α+β)-lamellar microstructure. The presence of α- and β-phases is also 
confirmed by the results of XRD analysis (Figure 8). Increasing the annealing temperature and time leads to 

higher volume content of β-phase and thicker α-plates. 

The results of mechanical tests for Ti-6Al-7Nb specimens after annealing at 1350 ºC for 3.5 hours are shown 
in Table 4. The yield and tensile strength of the material are 770 and 850 MPa correspondingly with the 

elongation at break 2 %. The strength of the obtained alloy is in the order of Ti-6Al-4V alloy produced by 

conventional sintering of powders. 

  

Figure 7 The microstructure of the Ti-6Al-7Nb alloy after annealing at different conditions: (a) 1050 °C, 1 

hour; (b) 1350 °C, 2.5 hours; (c) 1350 °C, 3.5 hours 

The Ti-22Al-25Nb powder mixture was used to produce bulk specimens with 950 W laser power. Their 
maximum relative density is 97.3%. The polished surface of the Ti-22Al-25Nb specimen features separate 
niobium particles (white colour) which are nonuniformly distributed in the material (Figure 9). There are some 

areas where all elements were melted during the SLM process, but were not fully interfused during melting 

and crystallization. That resulted in areas with unevenly mixed elements, which can be seen in the BSE-image. 

These areas could be formed as a result of Marangoni convection induced by surface tension gradient in the 

melt pool. Melted components of the mixture are mixed under the influence of the capillary forces which leads 

to mixing of the elements during the SLM process. 

 

Figure 8 The XRD results for Ti-6Al-7Nb powder mixture and bulk samples produced by SLM before and 

after heat treatment 
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Table 4 Mechanical properties of Ti-6Al-7Nb alloy, obtained from elemental powder mixture by SLM, and  

  their comparison with the properties of other alloys, testing temperature: 20 °C.  

Alloy Yield strength 
(MPa) 

Tensile 
strength (MPa) 

Elongation at 
break (%) 

Ti-6Al-7Nb elemental powders (SLM after annealing) 774 ± 10 850 ± 10 2.0 ± 0.2 

Ti-6Al-7Nb pre-alloyed powder (SLM after annealing) [11]
 

1360 ± 30 1480 ± 26 1.4 ± 0.6 

Ti-6Al-4V (VT6) (sintering) [9] 740 830 5 

 

Figure 9 SEM-images in SE (a) and BSE (b) of the Ti-22Al-25Nb alloy obtained by SLM from elemental 

powders 

 

Figure 10 The microstructure of the Ti-22Al-25Nb specimens after annealing at different conditions:  

(a) 1250 °C, 2.5 hours; (b) 1250 °C, 4 hours; (c) 1350 °C, 2.5 hours; (d) 1350 °C, 3.5 hours 

In order to further dissolve niobium, Ti-22Al-25Nb samples were annealed at 1250-1350 ºC for 2.5-4 hours. 
The microstructures of the material after heat treatment are shown in Figure 10. Annealing at 1250 ºC did not 
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result in diffusion of niobium in the matrix. After annealing with furnace cooling the areas with already dissolved 

alloying elements feature acicular precipitates of Ti2AlNb-phase. Increasing the annealing temperature to 

1350 ºC with 2.5 hours holding time resulted in diffusion of niobium, however there are areas with higher 

niobium content where there are no secondary phase precipitates. Increasing annealing time to 3.5 hours led 

to fully dissolved niobium without areas with its higher content. The microstructure of the material consists of 

B2/β-grains with Ti2AlNb-precipitates in form of needles. 

4. CONCLUSION 

Selective laser melting can be successfully utilized to synthesize titanium alloys from elemental powders. In 

case of Ti-5Al alloy the microstructure of the material consists of α-titanium grains. The tensile strength is 897 

± 7 MPa with the elongation at break 5.0±1.2 %. In case of Ti-5Al alloy grain size is bigger with higher laser 

power. While using 275 W laser power with the Gaussian intensity profile and small laser spot the samples 

are more prone to cracking during the SLM process compared to 975 W laser power with the uniform intensity 

profile and big laser spot due to higher cooling rates in case of the first one. Selective laser melting can be 

used to synthesize Ti-6Al-7Nb alloy from elemental powders, however the material features separate non-

melted niobium particles inside areas with a uniform distribution of Ti, Al and Nb. After heat treatment at 1350 

°C niobium particles dissolve in the matrix with the formation of (α+β)-lamellar microstructure. The tensile 

strength of the alloy is 850 MPa with the elongation at break 2 %. In case of orthorhombic Ti-22Al-25Nb alloy 

obtained from elemental powders by SLM, the material consists of B2/β-phase with uniformly distributed non-

melted niobium particles. After annealing niobium dissolves in the matrix with the formation of needle-shaped 

Ti2AlNb precipitates. 
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Abstract  

In recent years, the application of various additions (hydrides, oxides, intermetallic compounds, etc.) in powder 

mixtures for manufacturing Nd-Fe-B magnets shows promise as the method that allows one to increase the 

hysteretic characteristics of the magnets at the expense of realized grain-boundary diffusion and grain-

boundary structuring processes. The processes allow one to introduce both the heavy rare-earth metals and 

copper that was shown also to favour the increase in the hysteretic parameter of Nd-Fe-B-based compositions. 

In the present work, we consider the alloys Tb3(Co1-x,Cux) with x = ~0.4 as additions to Nd-Fe-B-based powder 

mixtures. The alloys were prepared by arc melting in an argon atmosphere and subjected to homogenizing 

annealing at 600 °C for 90 h. The phase composition and phase equilibria in the system were studied by X-

ray diffraction analysis, differential thermal analysis (DTA), optical and scanning electron microscopy, electron 

microprobe analysis, and low-temperature thermal magnetic analysis. The composition was shown to be three-

phase, Tb3(Co,Cu), Tb12(Co,Cu)7, and Tb(Co,Cu) that is the primarily solidified phase in the system. The 

copper solubility in the Tb3Co and Tb12Co7 compounds and cobalt solubility in the TbCu compound were 

determined. A portion of the isothermal section of the Tb-Co-Cu system with at 600 °C was constructed. The 

possibility of the hydrogenation of the Tb3(Co1-x,Cux) composition with x = ~0.4 with the formation of TbHx, Co, 

Cu was demonstrated. 

Keywords: Grain boundary diffusion, Nd-Fe-B magnets, Tb-Co-Cu system, phase equilibria 

1. INTRODUCTION 

Recently, the significant increase in the hysteretic properties of the sintered Nd-Fe-B-based magnets has been 

demonstrated in using additions of rare-earth metal (REM) compounds (hydrides, fluorides, oxides, 

intermetallides and low-melting eutectics). The increase is reached at the expense of grain-boundary diffusion 

of heavy REM with the formation of (Nd, R)2Fe14B “shells” at grain boundaries of the main magnetic phase and 

subsequent grain boundary restructuring [1-10]. The use of R3Co compounds (R = Nd, Dy) was realized in [11] 

by introducing them into permanent magnets through the gas phase and led to the increase in the hysteretic 

properties, namely, in the coercive force from 400 to 875 kA/m. 

Earlier, we have showed the application of hydrogenated R3(Co, Cu) compounds as additions to Nd-Fe-B 

powder mixtures in order to increase the hysteretic properties of magnets [12]. The use of hydrogenated Cu-
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containing REM compounds is described in [13] and also demonstrated an extreme increase in the hysteretic 

characteristics of Dy-depleted magnets owing to the introduction of Cu. The use of compounds containing Co 

and Cu simultaneously can solve the problem of introducing these components into the magnet composition. 

It is known that the alloying with cobalt leads to an increase in the Curie temperature of compound REM2(Fe, 

Co)14B [14], and also allows the temperature coefficient of induction to be regulated. Thus, the introduction of 

cobalt and copper into the alloy can favor the reaching of required level of hysteretic properties of magnets. 

All REM-rich R3Co compounds are formed by a peritectic reaction [15] and thus their preparation in a single-

phase state is difficult. Phase equilibria in R-Co-Cu systems, in particular, with REM contents of 67-75 at. % 

have not yet been adequately studied [16]. The concentration limits of the existence of R12(Co, Cu)7, R3(Co, 

Cu) and R(Cu, Co) ternary phases [17] have not been determined. These data are of importance in 

understanding processes occurred during saturation of alloys with hydrogen in manufacturing of magnets. The 

R3Co compounds have an orthorhombic structure of the Fe3C type (the Pnma space group) [18]. 

The present work is devoted to the study of phase equilibria of the Tb-Co-Cu system in the concentration range 

of Tb 60-100 at.%. The interaction of the Tb3(Co1-xCux) alloy with hydrogen is also considered in order to 

predict the behavior of Tb3(Co1-xCux) additions in manufacturing of Nd-Fe-B-based permanent magnets. 

2. EXPERIMENTAL 

The Tb3(Co1-xCux) alloy with x = 0.4 was prepared by arc melting of starting components (Tb-99.9 at.%, 

electrolytic Co K-1 grade, and oxygen-free copper) in an argon atmosphere using a water-cold copper mould 

and a nonconsumable tungsten electrode. The ingot was subjected to homogenizing annealing at 600 °С for 

90 h followed by rapid cooling (20°C/min); thus fixed phase state corresponds to a temperature of 600 °С. The 

structure of the alloy was studied by optical and electron microscopy using an AxioLabA1 (Carl Zeiss) 

microscope and a QUANTA 450 FEG electron microscope equipped with an EDX APOLLO X microanalyzer, 

respectively; the back-scattered electron (BSE) mode image was used. The magnetic properties of the alloy 

were measured in the temperature range of 4.2-300 K in a magnetic field of 100 Oe using a vibrating-sample 

magnetometer and an NM-1 Oxford superconducting magnet. The differential thermal analysis of the alloy was 

carried out in an argon atmosphere at a heating/cooling rate of 15°C/min using a Setaram Setsys -1750 device. 

The Tb-Co-Cu alloy was saturated with hydrogen at 270°C in a hydrogen flow (at 0.1 MPa pressure) for 1 h. 

The phase composition of the alloy was studied by X-ray diffraction (XRD) analysis using a Ultima IV (Rigaku, 

Japan) diffractometer equipped with a "D/teX" detector, CuKα radiation; the scanning step is 0.001°). X-ray 

diffraction patterns were process and the phase composition of alloys was determined using PowderCell 

software. The data on the crystal structure type, lattice parameters, and crystallographic positions of atoms in 

the Tb-Co, Tb-Cu, and H-Tb system alloys were used to simulate theoretical XRD patterns [19-21]. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure and electron microprobe analysis of Tb3(Co,Cu) alloy 

The microstructure of Tb3(Co,Cu) alloy subjected to prolonged homogenizing annealing is shown in  

Figure 1. As is seen, the structure is not single-phase and is characterized by the presence of rounded and 

petal-shaped inclusions. The element composition of the observed inclusions in the Tb3(Co,Cu) alloy was 

determined by SEM/EDX method (Table 1). According to EMA data, the compositions of inclusions correspond 

to Tb3(Co, Cu) (main phase); Tb(Cu, Co (large inclusions), and of Tb12(Co, Cu)7 (small inclusions) (see  

Figure 1b). 
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(a)            (b)  

Figure 1 (a) Microstructure of Tb3(Co,Cu) alloy after homogenizing annealing (optical microscopy) and (b) 

SEM (BSE) image of the structure: 1 - Tb3(Co,Cu), 2 - Tb(Co,Cu), 3 - Tb12(Co,Cu) 

Thus, the alloy subjected to prolonged homogenizing annealing is multiphase. The determined limits of Co / 

Cu solubility in the found phases correspond to compositions Tb3(Co1-xCux) with x = 0.25-0.27; Tb(Cu1-yCoy) 

with y = 0.05-0.19, and Tb12(Co1-zCuz) with z = 0.4. 

Table 1 Electron microprobe analysis data for the Tb3(Co,Cu) alloy (at.%) 

Element/phase Tb Co Cu 

Phase_1 55.1 8.1 36.8 

Phase_2 74.6 18.8 6.6 

Phase_3 68.0 19.2 12.8 

3.2. X-ray diffraction analysis 

Figure 3 shows X-ray diffraction analysis of the alloy Tb3(Co,Cu) subjected to prolonged annealing in an argon 

atmosphere. To identify observed reflections, the X-ray diffraction pattern was processed using PowderCell 
software. Unmarked reflections (in Figure 2) belong to the main Tb3(Co,Cu) phase; marked reflections 

correspond to Tb(Cu1-yCoy) and Tb12(Co1-zCuz) phases. The analysis of crystal structures of the found 

compounds and construction of theoretical XRD patterns for the simulated structures allowed us to determine 

variations of lattice parameters of phases alloyed with Co (for Tb(Cu1-yCoy) and Cu (for Tb3(Co1-xCux) and 
Tb12(Co1-zCuz) (see Table 2). As is seen, the alloying of the binary compounds with Co and Cu does not 

change the crystal structure type of binary compounds. The phases present in the alloy are alloyed 

modifications of the binary compounds in accordance with their phase diagrams [15, 17]. 

Table 2 Crystallographic parameters of the Tb-Co-Cu phases for a composition range of Tb 60-75 at.% 

№ Compound Space group С a (nm) b (nm) c (nm) References 

1 Tb3Co Pnma Fe3C 0.6985 0.9380 0.6250 [18] 

2 Tb3(Co1-xCux), x=0.25-0.27 Pnma Fe3C 0.69723 0.94343 0.62623 This work 

3 Tb12Co7 P21/c Ho12Co7 0.8390 0.1132 0.1397 [21] 

4 Tb12(Co1-zCu)7 z=0.4 P21/c Ho12Co7 0.829 0.1122 0.1387 This work 

5 TbCu Pm3m CsCl 3.48 3.48 3.48 [20] 

6 Tb(Cu1-yCoy) y=0.05-0.19 Pm3m CsCl 3.4791 3.4791 3.4791 This work 

200 μm 5 μm 
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X-ray diffraction data confirmed the presence of the phase following phases found by EMA: Tb3Co, Tb12Co7, 

TbCu. Analysis of variations of the lattice parameters indicates the alloying of the present phases with cobalt 

and copper with varying degrees of substitution of Cu for Co and of Co for Cu. 

 

Figure 2 X-ray diffraction pattern of the Tb3(Co,Cu) alloy 

3.3. Magnetic measurements 

The temperature dependence of the magnetization of compound Tb3(Co,Cu) in a weak magnetic field in a 
temperature range 4.2-250 K (Figure 3) was measured and analyzed. It is known [18] that the compound 

Tb3Co demonstrates the paramagnetic-antiferromagnet transformation at TN = 82 K and a metamagnetic 

transformation at 72 K related to the incommensurability of the magnetic and crystal structures. These 

transformations are clearly observed in the dependence (anomalies 1 and 2, respectively).  

The analysis of the measured curve given in Figure 3 allows us to determine the temperatures of the phase 

transitions corresponding to change in the 

magnetic order of the compounds: Curie 

temperature of the Tb12(Co,Cu)7 compound is 

TC = 100 K (3), the Neel temperature of the 

Tb(Co,Cu) compound is TN = 115 K (4), and 

the Neel and Curie temperature of Tb equal to 

TN = 218 K (5) and TC = 230 K (6), respectively. 

The determined temperatures of the phase 

transitions agree adequately with data 

obtained by other investigators [22-24]. As 

discussed above, the alloy has the multiphase 

composition. Moreover, the magnetic 

measurements allowed us to identify the 

presence of pure Tb. Thus, we can conclude 

that the fixed state of the alloy Tb3(Co1-xCux) 

with x = 0.4 is nonequilibrium. 

3.4. Phase equilibria in the Tb-Co-Cu system 

The Tb3(Co, Cu) alloy was studied by the DTA during heating and cooling. According to the DTA data  
(Figure 4), the solidification of the alloy begins with the precipitation of primary crystals of Tb(Co, Cu) 

8 kA/m 

Figure 3 The temperature dependence of the 

magnetization of Tb3(Co1-xCux) alloy with x = 0.4 measured 
in a magnetic field of 8 kA/m 
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compound at a temperature of temperature ~770 °С, corresponding to equilibrium L + Tb(Co,Cu)primary 

(solidus). At a temperature of ~732 °C, a peritectic reaction occurs with the formation of Tb3(Co,Cu), equilibrium 

L + Tb(Co,Cu)primary + Tb3(Co,Cu). At a temperature of ~663 °C, the Tb12(Co, Cu)7 phase is formed by the 

peritectic reaction; equilibrium L + Tb3(Co,Cu) + Tb(Co,Cu)primary+ Tb12(Co,Cu)7.  

 

Figure 4 The temperature dependence of the magnetization of Tb3(Co1-xCux) alloy with x = 0.4 measured in 

a magnetic field of 8 kA/m 

Based on the XRD and EMA data (SEM/EDX) and magnetic measurements, and DTA data, a portion of 

isothermal section of the Tb-Co-Cu ternary system at a temperature of 600 ° C was constructed for a 
composition range of Tb 60-100% (Figure 5) and a solidification scheme for the alloy was proposed. The alloy 

under study is marked by a "cross" in the region of existence of three-phase equilibrium: Tb + Tb3Co + Tb12Co7. 

 
Figure 5 Isothermal section of the Tb-Co-Cu ternary system at 600 °C 

3.5. Interaction of Tb3(Co1-xCux) alloy with hydrogen 

Saturation of the alloy Tb3(Co, Cu) with hydrogen led to the embrittlement of the alloy, preparation of a powder 

material suitable for the further introduction of the composition into the Nd-Fe-B magnetic alloy powder during 
cooperative mailing. After saturation with hydrogen, the alloy was studied by XRD (Figure 6, unmarked 

reflections correspond to TbH2 hydride). 
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Figure 6 X-ray diffraction pattern of the alloy Tb3(Co,Cu) after saturation with hydrogen 

As is seen, the saturation of the alloy with hydrogen leads to the formation of terbium hydrides TbH2 and TbH3, 

a small amount of the Tb3(Co,Cu) also is present. Simulation of X-ray diffraction patterns of Co, Cu and 

Tb12(Co,Cu) and Tb(Co,Cu) phases did not allowed us to find the presence of the phases in the hydrogenated 

alloy. We assume the presence of a finely dispersed mixture (Co, Cu) without the formation of a quasi-solid 

solution. 

4. CONCLUSION 

• The microstructure of the alloy Tb3(Co,Cu) was studied by optical and electron microscopy. The EMA 

allowed us to determine the compositions of the present phases. The concentration limits of Co / Cu 

solubilities in the phases are determined. 

• X-ray diffraction analysis of the alloy carried out in using PowderCell software indicated the presence of 

the Tb3(Co, Cu), Tb (Co, Cu) and Tb12(Co, Cu)7 phases and confirmed the existence of solubility of Cu 

and Cu corresponding phases. 

• The temperature dependence of the magnetization of the Tb3(Co,Cu) alloy was studied in the 
temperature range 4.2-300 K. The magnetic measurements allowed us to find the presence of Tb in the 

alloy. The temperatures of magnetic transformations of the present phases were observed in the 

dependence. 

• The isothermal section of the ternary Tb-Co-Cu system at 600 ° C was constructed. The solidification 

path of the studied alloy was described using DTA data. 

• Saturation of the alloy with hydrogen leads to the embrittlement of composition with the formation of 
mainly TbH2 TbH3 hydrides; a small amount of residual Tb3(Co, Cu) compound is observed. 
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Abstract 

The article presents the results of pilot abrasive tests of diamond segments, made on various metallic binders 

in powder metallurgy technology, intended for grinding granite surfaces. The article presents the results of 

testing the hardness of abrasive segments based on the Brinell method. The impact of hardness of segments 

on their ability to maintain diamond grain in the binder was noticed, which translated into the wear of abrasive 

segments during their work. The tribological tests of their wear during operation (research cycles), determined 

by the loss of mass of abrasive segments in the process of grinding the granite surface of Strzegom type, with 

given kinematic parameters and constant pressure were carried out. Research on the wear of diamond 

segments was carried out on the author's own research stand. A special test stand has been designed and 

made, which makes it possible to attach segments in a non-destructive manner. The tribological tests were 

carried out taking into account the factors of surface parallelism of the diamond segments to the work surface 

(granite slab) and at the axial pressure (perpendicular) to the surface being worked. A detailed description of 

the test stand is discussed in the paper. The article presents the results of microscopic observations of the 

examined segments after selected research cycles, using the optical microscope in the inverted system of the 

Nikon Eclipse MA200. The cognitive goal of the research was to broaden current knowledge on the properties 

of abrasive segments during their work and to examine the changing surface of the diamond segment matrix 

in the cyclic work process. 

Keywords: Diamond abrasive segments, hardness tests, tribological tests, abrasive wear 

1. HARDNESS IN TRIBOLOGICAL EVALUATION OF DIAMOND SEGMENTS ON METALLIC 
BINDERS 

The pilot tests were carried out in connection with the growing market demand for diamond tools for grinding 

stone materials and for searching for ways to increase their effectiveness on the processed material [3, 4]. The 

main purpose of the work was to determine the consumption of diamond grains in the material forming the 

diamond segment matrix reflecting their actual functioning. Two types of segments were tested on metallic 

binders with a constant concentration of 30% diamond and granules of 355/300 and 300/250, with varying 

hardness of the metallic adhesive A1 - 86 HB and A2 - 101 HB. 

In industrial applications, the materials used lead to the creation of different levels of rezistance, hence it is 

required to know the processes taking place in the segment in order to ensure rational usable and qualitative 

properties. 

Due to the complex structure of the diamond segment, it is appropriate to use the so-called equivalent hardness 

of the material, which is a mixture of various materials including abrasive additive with a higher hardness than 

the binder and a variable percentage of this component in the diamond segment matrix. The equivalent 

hardness of a diamond segment is equal to the sum of the products of the percentage of individual components 

and their hardness, as described in sources [2, 5]. One of the known and so far used dependences determining 
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the amount of wear (loss of mass) from the basic parameters in the abrasion process is the Archard formula 

(1) presented below [6]. 

W = k L d / H             (1) 

where W - material consumption, k - constant dependent on the conditions of wear, L - is the total normal load, 

d - friction path, H - hardness of the binder. 

Hardness conditioning abrasive wear was reflected in the Archard formula, which took the form determined by 

the formula (2): 

W = K s p / pm                (2) 

where K - constant enabling the friction conditions dependent on diamond grain, its concentration in the 

segment, Young's modulus for the binder and forms of wear products, s - friction path, p - the total normal 

load, pm - unit pressure triggering plastic deformation - hardness equivalent. 

The presented dependences require determining the constant K, which depends on many factors that must 

be determined by the necessity to carry out long-term tests including: variable granularity, abrasive 

concentration, Young's modulus for the binder and forms of wear products. In the given work, it was limited to 

determining by diamond abrasive wear analysis for two types of binder hardness with the values specified in 
Table 1, for a constant concentration of diamond grain in the matrix of the binder. The amount of micro-grain 

consumption and the places after the grains being peeled out in the binder was determined by the percentage 

ratio to the total amount of grains present on the reference surface determined before the next series of 

tribological tests. The results of hardness tests carried out for two types of segments A1-SM and A2-T are 
summarized in Table 2. 

Table 1 Results of HB hardness testing of diamond segments on metal binders, under load 613 N 

Sample Measuring 1 Measuring 2 Measuring 3 Hardness 

A1-SM 86 89 84 86 

A2-T 100 105 98 101 

2. RESEARCH ON THE WEAR OF DIAMOND SEGMENTS IN THE PROCESS OF THEIR 
INTERACTION ON THE SURFACE OF GRANITE 

For the observation and measurement of the degree of wear of the diamond segment matrix, the tests were 

carried out on the author's research stand, where tests of two pairs of diamond segments with different 

hardness of the binder were carried out. The examined segments were subjected to abrasion as a result of 

the interaction of the abrasive surface; of tested segments (single) and a round granite disk with a diameter of 

140 mm made in WaterJet technology rotating at a rotational speed of 660 rpm at constant pressure load. This 

complies with the requirements set out in normative documents [7, 11]. 

Super hard abrasive materials from which tools are made must have specific properties selected for a particular 

work material as well as the type of the interaction process. These properties determine the abrasive material 

characteristics and the tool characteristics, which based on the recommendations from the literature [1, 8-10] 

were included in the given task. 

The tested segments were subjected to a process of abrasion at a constant pressure load, the disc was 

pressed against the disc with a force of 20 N. The sample was fixed in a vise on a guide ensuring constant 

pressure by means of a spring mechanism, the value of which was checked by weight. The constructions of 
the author's test stand are shown in Figure 1, where: 1-stand frame, 2-rotary drive with attached granite disc, 

3-binding of the diamond segment, 4-spring clamping mechanism of the tested sample to the granite disc. 
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Figure 1 Author's stand for tribological tests of individual diamond segments 

When testing the wear of abrasive grains of diamond segments, a control measurement of the rotational speed 

of the drive was made after 30 seconds of operation. The rotational speed at the clamping load was controlled 

by a time tachometer for measuring the speed, type TC10P (accuracy class 1.0). 

The speed measurement was carried out to control the kinematic parameters of the abrasive wear process of 

segments with different hardness of its binder. The aim of the study was to determine the factors affecting the 

wear of diamond grain deposited in a metallic bond with different hardness. The grain was controlled after 
each abrasive cycle. The cycle of mutual abrasion of the sample with the treated material had distance L = 

1065 m. 

The tests were carried out on diamond segments manufactured in industrial conditions. The exposed abrasive 

surface was subjected to a friction load to determine the degree of grain wear for both groups of the tested 

segments. 

Two groups of segments measuring 10x40x10 mm were tested. Samples for two series of tests from each 

group were subjected by the manufacturer to the preliminary process of grain exposure, the procedure 

consisted of a short-term contact of the segment with a soft abrasive material. Both groups had a constant 

abrasive concentration of 30% with grit for A1 355/300 and for A2 300/250. The weight of the segments before 

the test cycle was: A1-SM1 26.7 g, AS1-SM2 26.6 g, A2-T1 36.1 g, A2-T2 35.8 g. The amount of exposed 

diamond grains before the first test cycle on the working surface for segments: A1-SM1 = 126 grains, for A1-

SM2 = 134 grains, for A2-T1 = 119 grains, for A2-T2 = 112 grains. The difference in the weight of segments 

results from the used recipe of a metallic binder used to produce segments that are currently the subject of 

research by the "Poldiam" company for the purpose of developing an inventive project. 

The abrasive wear of the diamond segment binder was determined according to the weight method. The 
results of the measurements are summarized in Table 2, where the weight loss of segments after each test 

cycle is presented. 
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Table 2 Mass loss of diamond segments after each abrasive interaction cycle (RAD WAG WPA 40/160/C/1  

  weight with an accuracy of 0.00001 g) 

Sample 
no. 

Weight 
before test 

(g) 

Segment 
weight loss 
after 1 cycle 

(g) 

Segment  
weight loss 

after the 
2nd cycle 

(g) 

Segment  
weight loss 
after the 3rd 

cycle (g) 

Segment  
weight loss 
after the 4th 

cycle (g) 

Segment  
weight loss 
after the 5th 

cycle (g) 

Segment  
weight loss 
after the 6th 

cycle (g) 

A1-SM1 26.72985 0.06903 0.06637 0.06610 0.06610 0.06563 0.06499 

A1-SM2 26.57854 0.08512 0.08415 0.08315 0.08210 0.08190 0.08140 

A2-T1 36.09199 0.09457 0.08763 0.08753 0.08699 0.08653 0.08190 

A2-T2 35.83471 0.07179 0.06789 0.06710 0.06700 0.06689 0.06670 

3. OBSERVATION OF DIAMOND GRAIN WEAR IN THE ABRASIVE SEGMENT UNDER THE 
MICROSCOPE 

The assessment of diamond grain wear in the segment in the research process was carried out using the 

Nikon Eclipse MA200 optical microscope. Observations of the working surface of diamond segments under 

the microscope were carried out for each group of generic segments of varying hardness. A general and 

detailed analysis of the surface after each abrasive load cycle was performed with a magnification of 10x the 

working surface to determine the total amount of working grains. After each abrasive cycle of the diamond 

grains, they were also observed at 50x magnification in the 1x1 mm field of observation at the locations of 

diamond grains with an estimate of the 

total loss, related to the total amount of 

protruding grains. To determine the micro-

grain wear, the method of calculating the 

volume loss in percentage, to which it was 

included; micro chipping at the edges of 

grains and grains lost from the binder. The 

assessment of the diamond grains wear is 

expressed as a percentage of the total 

number of grains distributed over the entire 

base area with a scaled to metric value for 

the total amount of grains distributed on the 

base surface of the segment preceding the 

abrasive cycle. Selective information on 

micro-chipping types for both segment 

groups of different hardness is shown  
in Figure 2, where representative 

photographs of diamond grains after the 

3rd and 6th cycle of their work for each type 

of grain and the type of metallic binder are 

provided. 

To determine the micro-grain consumption, 

the method of calculating the volume loss 

in percentage was used, which included: 

micro chippings appearing on the grain edges, cracks on grain from granite spoil with the content of micro 

diamond chippings and grains lost from the metallic binder. The evaluation of diamond grains is expressed as 

Figure 2 Representative microscopic observation of diamond 

grains with micro-damage after 3 and 6 abrasion cycle of 
segments A1-SM1 after L3 and A1-SM1 after L6 and A2-T1 

after L3 and A2-T1 after L6, where the length of the abrasive 

path it was L3 = 3195 m and L6 = 5328 m 
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a percentage of the total number of grains distributed over the entire area of the segment for the preceding 

cycle. 

Intensity of abrasive wear of diamond grains with a hardness of A1 = 86 HB and A2 = 101 HB, with a constant 

concentration of diamond in the binder which is 30%, grains with a grain size of 355/300 for A1 and 300/250 

for A2, proceeds depending on the degree of hardness of the segment binder. The amount of wear was 
determined for abrasive cycles dependent on the abrasive path, which is illustrated in Figure 3. 

 

Figure 3 Wear of abrasive grain consumption (h) of grain size 355/300 for A1 and 300/250 for A2 in the 

diamond segment with hardness A1-86 HB and A2-101 HB for five abrasive cycle (L), where: h - diamond 

grain loss in % related to the total volume of grains present on the control surface before each test cycle 

The evaluation of the optical analysis showed a variable degree of grain wear. The development of diamond 

grains destruction in both types of segments is slightly different for segment A1, slightly higher consumption, 
which is shown in Figure 3 in general. In the research process a significant temperature increase was observed 

for A1-SM type compositions, the heating temperature exceeded 200 °C (pyrometer measurement). After the 

transition period of the abrasive road of 2000 m, grain consumption in the segment for both types of hardness 

stabilizes. The binder consumption in the A1 segment is 17% higher than in A2. In general, it can be concluded 

that grain abrasive wear is proportional to segment binder wear. It should be noted that the testing process of 

both groups of segments was conducted without the use of coolant. There was a loss of binder in the segment 

before the surface of the diamond grain with a visible flow of adhesive on the sides. After passing the friction 

path above 2000 m, as indicated by the optical analysis and the evaluation of the grain size wear in this 

calculation, the process of stabilizing the consumption of diamond grains for both types of segments was 

observed. 

4. CONCLUSIONS 

The type of wear of abrasive diamond segments in the machining process takes place in two stages; the first 

stage covers the intensive wear of the segment binder, the second stage after having travelled the 2000 m 

abrasive road is characterized by their stable work. 

It was observed in the research process that as a result of the mechanical-thermal impact on the A1 segment 

binder = 86 HB and the higher grain granularity 355/300, a higher thermal load is applied, which results in an 

increase in micro grain crushing and slightly higher wear in the grain compared to the hardness of A2 segments 

= 101 HB containing 300/250 grains. 
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The analysis of the mass loss of the binder in the segment's working process revealed lower abrasive wear 

for the A2 type segments by 17% compared to the A1 type segments, the dependence of the hardness on the 

abrasive wear of the binder showed a direct proportional relationship. 
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Abstract 

The self-propagating high temperature synthesis (SHS) was used to fabricate Ti-Si intermetallic phases. The 

phases were synthesized by the exothermic reaction between Ti and Si powders with proportions 

corresponding to the composition of Ti3Si, Ti5Si3, Ti5Si4, TiSi and TiSi2 phases. The XRD method was used to 

analyze the phase composition. The process resulted in formation of Ti5Si3, Ti5Si4, TiSi and TiSi2 phases. A 

Ti3Si phase did not occur in any produced specimens. XRD analysis showed that substrates can react with 

graphite mold, creating the phases containing carbon. Effect of Ti particles granulation on the phase 

composition was also analyzed. The results for samples fabricated by using coarse-grained Ti particles 

showed that this element has not reacted completely, while reducing of the granulation led to complete 

reaction. 

Keywords: SHS method, titanium, silicon, intermetallic phases, XRD 

1. INTRODUCTION 

The self-propagating high temperature synthesis (SHS) is an effective method to fabricate wide range of 

intermetallic phases. The exothermic reaction takes place during the SHS. In the result, the temperature rises 

and consequently the diffusion processes lead to the synthesis of intermetallic phases. The exothermic 

reaction in SHS is initiated by provide of heat. The local ignition by resistive heating can be used as source of 

energy. The other methods involve e.g. thermal explosion ignition or laser initiation. The literature data show, 

that the Ti-Si intermetallic phases, particularly Ti5Si3, are currently commonly used in electronic, automotive 

and aerospace industries. They are most frequently applied as the thin layers in integrated circuits. The 

popularity of presented intermetallic phases is caused by their good properties, such as relatively high melting 

point, corrosion resistance, high hardness and Young’s modulus. The disadvantages include considerable 

brittleness, especially at low temperatures [1-4]. The most commonly used methods of producing alloys and 

intermetallic phases of the Ti-Si system require the use of high vacuum, which significantly limits their 

fabrication and generates high costs [4, 5]. 

The review of world literature shows that majority of studies on Ti-Si intermetallic phases focuses on the 

manufacturing and testing the properties of the Ti5Si3 phase, characterized by highest melting point and 

favorable mechanical properties [6]. The research on the Ti3Si phase shows that this phase can be produced 

by heat treatment of the Ti-Si alloy [7, 8] or by mechanical synthesis [5]. The literature also contains studies 

describing the production of the other phases from the Ti-Si phase diagram [9-12]. The Ti5Si3 phase is 

characterized by a hexagonal system. Very high melting point (2130 °C), significant hardness (11.3 GPa) and 

relatively high Young's modulus (225 GPa) allow the use of Ti5Si3 phase as a material for protective coating 

applied to improve hardness and resistance to oxidation at high temperatures [1]. The Ti5Si3 phase tends to 

crystallize as large crystals, significantly reduced the mechanical properties and limited the application of 

material. Therefore, the researchers focus on the methods allowing the production of fine-grained Ti5Si3 phase 

[2]. 
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The papers describing the Ti3Si phase show that it is possible to synthesize this phase by a high temperature 

heat treatment of Ti-Si alloy. The formation of the Ti3Si phase requires the protective atmosphere to protect 

the material against negative effects of the oxygen and nitrogen from the atmosphere, which could cause a 

transformation of the Ti3Si into a more stable Ti5Si3 phase [8]. The other study describes the production of 

Ti3Si phase nanoparticles by mechanical synthesis [5]. The authors indicate the relatively good properties of 

this form of Ti3Si phase. 

The aim of the study was to synthesize of the intermetallic phases from the Ti-Si system by the SHS method. 

The process involved mixing the titanium and silicon powders with proportions corresponding to the 

compositions of Ti-Si phases (Ti3Si, Ti5Si3, Ti5Si4, TiSi and TiSi2) and SHS synthesis initiated by resistive 

heating. The XRD analysis was performed to identify the phase composition of synthesized samples. The 

effect of the grain size of titanium powder on phase composition of samples fabricated by SHS was also 

investigated in the study. 

2. EXPERIMENTAL DETAILS 

AEE TI-104 titanium powder (99.7 wt.% of Ti, particles size up to 149 μm), AEE TI-109 titanium powder (99.7 

wt% of Ti, particles size up to 44 μm) and AEE silicon powder (99 wt.% of Si, particles size 1-5 μm) were used 

as the substrates. Coarse or fine Ti powder was mixed with Si powder, respectively. Powders were mixed in 

stoichiometric ratios corresponding to the composition of the Ti3Si, Ti5Si3, Ti5Si4, TiSi and TiSi2 phases. 10 
variants of powders mixture were used (Table 1). The weight of each sample was 25 g. 

Table 1 The variants of powders mixture 

Variant Intermetallic phase Ti weight (g) Si weight (g) Ti granulation (µm) 

1 
Ti3Si 20.91 4.09 

149 

2 44 

3 
Ti5Si3 18.49 6.51 

149 

4 44 

5 
Ti5Si4 17.01 7.99 

149 

6 44 

7 
TiSi 15.75 9.25 

149 

8 44 

9 
TiSi2 11.50 13.50 

149 

10 44 

Each variant of substrates was placed in sealed containers with ceramic grinding media and homogenized for 

24 h. The powders mixture was then separated from the grinding media by using a sieve and placed in the 

reactor chamber in graphite molds. The reactor chamber was tightly closed and vented. The SHS was carried 

out in argon protective atmosphere at a pressure of about 0.15 MPa. The synthesis was initiated by the local 

ignition by transmission 220-240 A current for 30-60 s. The products were finally ground to powders by using 

the Abich mortar. 

The quantitative phase composition of final powders was conducted on a Philips X'Pert Pro XRD device 

equipped with an X'Celerator band meter. The data for quantitative and qualitative phase analysis were 

acquired from ICCD. Quantities of the respective phases were calculated according to the Rietveld analysis 

[13]. The measurements were made within an accuracy of 0.5 %. 
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3. RESULTS AND DISCUSSION 

Figure 1 shows example of the product of the self-propagating high temperature synthesis of Ti-Si intermetallic 

phase. The XRD patterns of the ground products for 10 variants of synthesis are shown in Figure 2.  

  

Figure 1 The example of the product of self-propagating high temperature synthesis of Ti-Si intermetallic 

phase 

  

  

Figure 2/1 The XRD patterns of the ground products for 10 variants of synthesis 
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Figure 2/2 The XRD patterns of the ground products for 10 variants of synthesis 

Table 2 presents the results of the quantitative XRD analysis of fabricated samples. In variant 1, Ti3Si 

intermetallic phase synthesis was expected. The results of the analysis indicate that Ti3Si did not form in this 

variant. The sample contains Ti5Si3, Ti and graphite, probably from the graphite mold in SHS reactor. Ti3Si was 

also undetected in variant 2, despite Ti powder refinement. The results for variant 3 shows that designed Ti5Si3 

phase was formed in the process. The sample likewise contained unreacted Ti. The analysis of the results 

from variant 4 revealed that refinement of Ti powder resulted in this case in complete reaction of Ti particles. 

The high content of Ti5Si3 phase and small contribution of the other phases in variants 3 and 4 suggests that 

the correct process parameters were used to synthesize Ti5Si3 intermetallic phase. The quantitative analysis 

of the results for variants 5 and 6, where Ti5Si4 phase was designed, was impeded by no structural pattern of 

this phase in the XRD database. That lack did not allow to conduct the quantitative analysis of structural 

constituents. The sample consists TiSi, Ti5Si3, graphite and the phase where no structural pattern was 

assigned. The results suggest that this unidentified phase is desired Ti5Si4 phase. The phase composition of 

samples for variants 7 and 8, where Ti:Si ratio was 1:1 and two various Ti powder granulation were used, 
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shows that TiSi phase was synthesized in both cases. The contents of this phase were 62.6% and 44.9%, 

respectively. In addition, the other Ti-Si phases were detected in analyzed samples. The quantitative analysis 

for variant 9 revealed that the sample contained high content of TiSi2 phase and parts of unreacted Si and Ti. 

Unreacted substrates did not occur in variant 10, but the analysis revealed significant content of the phases 

containing carbon. This results shows that graphite is not a suitable material to produce the mold to place Ti-

Si samples in the SHS process. 

Table 2 The results of the quantitative XRD analysis of Ti-Si phases synthesized by SHS 

Variant 
Projecte
d phases 

Obtained phases (at.%) 

Ti3Si Ti5Si3 Ti5Si4 TiSi TiSi2 
graphit

e 
Others 

1 
Ti3Si 

- 42.3 - - - 34.3 23.4 % Ti 

2 - 57.1 - - - 7.5 33.6 % Ti, 1.8 % Si 

3 
Ti5Si3 

- 98.8 - - - - 1.2 % Ti 

4 - 92.6 - - - 7.4 - 

5 
Ti5Si4 

- 62.1 detected 29.3 - 8.6 - 

6 - 15.1 detected 6.8 - 78.1 - 

7 
TiSi 

- 18.3 - 62.6 12.9 6.1 - 

8 - 15.0 detected 44.9 21.6 7.7 - 

9 
TiSi2 

- 1.3 - - 97.1 - 1.0 % Si, 0.5 % Ti  

10 - - - - 65.7 12.9 12.7 % SiC, 8.8 % Ti3SiC2 

4. CONCLUSION 

The Ti-Si phases were synthesized by SHS method. The process involved mixing the titanium and silicon 

powders with proportions corresponding to the compositions of Ti-Si phases (Ti3Si, Ti5Si3, Ti5Si4, TiSi and 

TiSi2) and the synthesis initiated by resistive heating. 

The XRD analysis showed that Ti5Si3, Ti5Si4, TiSi and TiSi2 phases were formed in the result of SHS process, 

while Ti3Si phase did not occur in any produced specimens. 

The substrates in a few cases reacted with graphite mold uses in the process, creating the phases containing 

carbon. 

When coarse-grained Ti powder was used, the substrates have not reacted completely in all cases, but 

reducing of Ti granulation facilitated the reaction. 

Satisfactory results were obtained I the case of Ti5Si3 and TiSi2 phases, where the content of expected phase 

was close to 100%. In the other cases, the Ti-Si phases were also formed, but several phases were 

synthesized simultaneously, and the content of expected phase was smaller.  

The results of the study confirmed that the SHS is an effective technique, but its noticeable disadvantage is 

the difficulty in controlling the process.  
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Abstract  

In 2018 it is 150 years since D.K. Chernov, the metallurgical science expert, made the report on the results of 

the research of the Fe-C alloy samples and ingots and for the first time ascertained the presence of the critical 

points, i.e. phase transitions. The work of D.K. Chernov served as the beginning of the construction of the iron-

carbon diagram. A great amount of research on the construction and specification of the iron-carbon phase 

diagram has been carried out during the past period. 

In the present work a critical analysis of the generally recognized combined iron-carbon and iron-cementite 

diagram is given, theoretical and experimental investigations by studying the microstructures of the iron-carbon 

alloy samples quenched from various temperatures have been carried out. Based on the research, a full 

equilibrium phase diagram of the iron-carbon system has been constructed, in which the non-variant three-

phase equilibrium ferrite+graphite ↔ cementite at the temperature 727 °C, two-phase equilibrium 

ferrite+graphite in the temperature range 738 - 727 °C and two two-phase regions ferrite+cementite (up to 6.67 

wt.% C) and cementite+graphite (more than 6.67 wt.% C) at the temperatures below 727 °C are present. It is 

shown that cementite cannot be formed in the iron-carbon alloys at the temperatures exceeding 738 °C at high 

cooling rates. The author considers expedient not to use the version of the metastable iron-cementite phase 

diagram and to exclude the designation of the alloy microstructures (perlite and ledeburite) in the phase 

diagram. 

Keywords: Phase diagram, iron-carbon system, microstructure, equilibrium, metastable system  

1. INTRODUCTION 

Phase diagram of the iron-carbon system is fundamental in the metallurgical science of ferrous metals. A large 

number of investigations were devoted to it. Study of this diagram is bound up with great difficulties due to the 

iron polymorphism. In 2018 150 years have passed since D.K. Chernov, a Russian metallurgical science 

expert, made the report (in 1868) on his theoretical and experimental research, in which he for the first time 

determined the critical points of the phase transitions in the iron-carbon alloys [1]. Theoretical and experimental 

studies are going on at the present time as well [2, 3]. For all this practically all educational and reference 

literature presents combined equilibrium iron-carbon diagram and metastable iron-cementite [4 - 11]. This 

statement supposes that in the equilibrium system cementite (Fe3C) cannot be present in any way, since it is 

a non-equilibrium phase constituent, and in the metastable system graphite must be absent. The use of the 

combined diagrams allows explain in a simple way the simultaneous presence of both graphite and cementite 

in the microstructure of the iron-carbon alloys. However, such combination just makes it difficult to explain the 

microstructure formation in these alloys and impedes the development of the manufacturing processes of 

finished products of steel and cast iron with required working parameters, which are predetermined by the 

phase constituents and their morphology in the alloy microstructure. 

2. THEORETICAL INVESTIGATIONS 

Phase constituents in the iron-carbon system are the following: 

• homogeneous liquid solution of the iron and carbon atoms (L); 
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• ferrite (Fer) - solid solution of the carbon atoms in the bcc lattice of iron (in the present work there is no 

division into the high temperature (δ) and low temperature (α) phases); 

• austenite (A) - solid solution of the carbon atoms in the fcc lattice of iron; 

• graphite (Gr) - solid solution of the iron atoms in the hexagonal lattice of carbon; 

• cementite (Cem) - crystal structure, formed by the iron and carbon atoms, close to the stoichiometric 

relation Fe3C; 

• martensite (M) - solid solution of the carbon atoms in the tetragonal lattice of iron. 

It is common practice to consider the phases L, Fer, A, Gr equilibrium and the phases Cem and M non-

equilibrium. However, in some works [4, 12] the authors consider Cem equilibrium phase constituent. 

Ledeburite, perlite, sorbite, troostite, bainite consist of several both equilibrium and non-equilibrium phases. 

These terms may be used to characterize the microstructures in samples, ingots and castings. In the 

equilibrium diagram there must be the names of only equilibrium phases. It seems incorrect to use the same 

term to designate structure constituents in the equilibrium (and also in the metastable) phase diagram. 

In the work [13], based on the theoretical research, a complete equilibrium phase diagram of the iron-carbon 
system was drawn (Figure 1). In the proposed diagram Cem is considered an equilibrium phase constituent 

at the temperatures below 727 °C. This statement is based on the following factors: 

• Cem is formed when pure iron is in the atmosphere of the atomic carbon at the temperature below  

727 °C [14]. We observed this process at the temperature 650 °C with the treating time 12 h; 

• M decomposes into ferrite and cementite when the samples are heated in the range 350 °C - 400 °C 

[9], Gr is not formed meanwhile. 

 
Figure 1 Complete equilibrium phase diagram of the iron-carbon system 

The recognition of Cem as an equilibrium phase constituent at the temperature below 727 °C leads initially to 

a four-phase equilibrium at the eutectoid equilibrium (Fer, A, Cem, Gr), and this contradicts Gibbs phase rule, 

which for the systems with the elements with negligible vapor pressure is expressed by the equality v=K-ƒ+1, 

where v is variability or the number of freedom degrees, K is the number of elements in the system, ƒ is the 

number of phases in the system, 1 is one external factor - temperature. At the presence of four phases at the 

constant temperature the variability becomes negative, and this is impossible. This contradiction is eliminated 
by the necessity to acknowledge the existence of one more two-phase equilibrium Fer and Gr in the region 
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PSKK/P/ in the temperature range 738 °C - 727 °C. This two-phase equilibrium was experimentally determined 

in the low carbon alloys [4]. 

3. EXPERIMENT PROCEDURE 

In the present work samples of the Fe - 4 wt.% C and Fe - wt.5 % C have been studied. Alloys were obtained 

by melting the Armco iron with the carbon breakage. Samples from these meltings with the mass 20 - 25 g 
were melted for the second time in the Al2O3 crucible in the resistance furnace (Figure 2) and heated to  

1256 °C, treated 30 min and then cooling and quenching were performed. Initially, samples were cooled from 

the temperature 1256 °C at the rate 10 K/min to the temperature 1050 °C and quenched in the aluminum bath 

with the temperatures 700 °C and 800 °C. The treating time at these temperatures was 2 min and 40 min. After 

that the samples were cooled in the air. 

 
Figure 2 Layout of the facility for quenching samples from liquid and liquid - solid states  

in the aluminum bath 

4. RESULTS AND DISCUSSION 

Microstructure analysis of the Fe - 4 wt.% C and Fe - 5 wt.% C alloys cooled to 1050 °C and quenched into 

the bath with the temperatures 700 °C and 800 °C with the following 2 min treating showed the presence of 
the dendrite cell of the iron crystals with the size ~110 μm (Figure 3) and graphite crystals. The ferrite-

cementite microstructure in the dendrite centre and periphery is 2 - 2.5 times coarser in the samples cooled in 

the air from the temperature 800 °C. The increase of the treating time to 40 min led to the formation of the 

extra graphite crystals only in the samples treated at 800 °C. At the same time it was found out that the ferrite-

cementite microstructure did not depend on the treating time at the temperatures 700 °C and 800 °C.  

When the samples were quenched from the temperature 1256 °C into the aluminum melt at the temperatures 

700 °C and 800 °C with the treating time 2 min and 40 min and the subsequent cooled in the air, in the alloy 

microstructures a dendrite structure with the parameters 16 μm and 38 μm and the ferrite-cementite plates 
with the parameters 4 μm and 9 μm were revealed accordingly (Figure 4). The increase of the treating time 

from 2 min to 40 min did not lead to a noticeable change of the microstructure parameters.  
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Figure 3 Microstructure of the Fe - 4 wt.% C alloy cooled from the temperature 1256 °C to 1050 °C at the 

rate 10 K/min and quenched at 800 °C with the treating time 2 min and cooled to the room temperature 

 

Figure 4 Microstructure of the Fe - 4 % C alloy quenched from the temperature 1256 °C into the bath with 

the temperature 800 °C and cooled to room temperature 

The obtained experimental data show that the “primary” cementite does not form in the temperature range 

from liquidus to 727 °C at any cooling rates. Cementite undoubtedly is formed from the austenite crystals at 

the temperature below 727 °C and it is accordingly the equilibrium phase constituent below this temperature. 
Therefore the presence of the cementite above 738 °C in the temperature-concentration region SECFK is 

possible during some time only after the samples are heated into this region, when cementite is already present 

in the microstructure and further on it decomposes into austenite and graphite. Subsequent cooling leads to a 

very long term retaining of the graphite crystals at low temperatures, this by mistake allows to consider graphite 

the equilibrium phase constituent below 727 °C. 

5. CONCLUSION 

• A new version of the full equilibrium phase diagram of the iron-carbon system has been proposed, in 
which the presence of the non-variant ternary Fer-Gr-Cem phase equilibrium at the temperature  

727 °C, binary Fer+Gr phase equilibrium in the temperature range 738 °C - 727 °C and two two-phase 

90 μm 

90 μm 
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regions Fer+Cem (up to 6.67 wt.% C) and Cem+Gr (above 6.67 wt.% C) at the temperatures below  

727 °C is being acknowledged. 

• Theoretical and experimental results of the present work are explained in full logic in the frame of the 

proposed new version of the complete equilibrium phase diagram of the iron-carbon system. 

• It is expedient to refuse using the combined version of the iron-graphite and iron-cementite diagram. 
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Abstract 

Nd-Fe-B permanent magnets are key materials in the electric power system and they are indispensable for 

the future success of environmentally beneficial technologies. The hysteretic characteristics of sintered Nd-

Fe-B magnets are highly sensitive to their microstructure and composition of phases. This paper is focused on 

the coercivity enhancement of the near-stoichiometric Nd2Fe14B-based magnet by optimizing microstructure, 

which included processes of grain boundary diffusion and grain boundary structuring via the application of 

hydrogenated Tb3Co0.6Cu0.4Hx compound added to the powder mixture. The base alloy having the composition 

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 dwell at this temperature. The Tb3Co0.6Cu0.4 alloy was prepared by arc melting of starting components in 

an argon atmosphere on a water-cooled copper bottom using a non-consumable tungsten electrode. The ingot 

was subjected to homogenizing annealing at 600 °C for 90 h and subsequent hydrogenation under the 

conditions used for the decrepitation of the strip-cast alloy. Hydrogenated Tb3Co0.6Cu0.4Hx compound and 

hydrogen-decrepitated strip-cast alloy were mixed and subjected to mechanical activation. The microstructure, 

phase composition and distributions of REM, Co, Cu for the prepared magnets were investigated by SEM/EDX 

method. It was found that the total REM content in the main magnetic (Nd, Pr, Tb)2Fe14B phase was ∼ 30 wt.%. 

Intergranular Nd-rich phases differing by their Tb, Co, Cu contents were identified. Studies of the stability of 

structure-sensitive parameter, namely, the coercive force jHc of the sintered magnet prepared with 2 wt.% of 

Tb3Co0.6Cu0.4Hx addition to the low-temperature heat treatments show the increase in the coercive force up to 

1480 kA/m. This phenomenon is not typical of sintered Nd-Fe-B magnets, which usually demonstrates the 

drop (or invariance) of the coercive force after low-temperature heat treatments at 350-450 °C. 

Keywords: Nd-Fe-B magnets, strip casting, hydrides, heat treatment, coercivity 

1. INTRODUCTION 

Due to high values of the maximum energy product (BHmax), residual magnetic induction (Br), coercive force in 

magnetic induction (bHc), and coercive force in magnetization (jHc) the Nd-Fe-B sintered magnets have found 

wide application in new energy fields, industrial motors, household appliances, and electronic information field. 

The obtainable maximum magnetic energy product has reached 471.9 kJ/m3, which is approx. 93 % of the 

theoretical value (509 kJ/m3) [1]. However, the highest coercivity of Nd-Fe-B sintered magnets obtained is 

approx. 2785 kA/m, less than 1/2 of the theoretical value (5809 kA/m) [2]. There is still much potential for 

increasing the coercivity of Nd-Fe-B sintered magnets, which are essential for powerful and space-saving 
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energy converters needed for the generation of electric power as well as for the conversion of electric to 

mechanic power (all kinds of electric motors). The increase in the characteristic jHc, which is associated with 

the temperature-time stability of sintered magnets, is achieved by alloying the base chemical composition 

(Nd14-15Febal B6-8) with elements such as Pr, Dy and Tb (the increase in the anisotropy field Ha); Ti, V, Mo and 

Nb (the prevention of grain growth during the sintering and structuring of the main magnetic phase 2-14-1); Al, 

Ga, Cu (the modification of the structure of boundary phases) as well as by using such technological processes 

as strip-casting, hydride dispersion, mechanical alloying, diffusion and saturation of the surface of the magnets 

with rare earth metals (Tb or Dy), followed by heat treatment at 1075-1175 K and multistage thermal treatment 

in the temperature range of 750-1275 K.  

Nowadays, many research works have been made to simultaneously increase the coercive force and reduce 

the consumption of heavy rare-earth metals in the sintered Nd-Fe-B magnets. Alloying with Dy and/or Tb in 

the form of various compounds - oxides, fluorides, hydrides, intermetallic compounds and alloys resulted in 

certain successes. When using various additives in sintered Nd-Fe-B magnets, the mechanisms of grain 

boundary diffusion and grain boundary restructuring are realized. The use of binary mixtures makes it possible 

to improve the structure of the boundary phases and grain boundaries of the main magnetic phase and to 

realize the diffusion of the necessary alloy component directly across the boundaries. It was shown that by 

adjusting the time and temperature of the grain-boundary diffusion process, the coercivity of the magnet can 

be greatly increased without the significant loss of residual magnetization. The high cost of heavy rare earth 

metals and the limited availability of their resources all over the world determines the search for low-alloyed 

(by Tb, Dy, Pr, etc.) compositions and ways to save RE metals [3-9]. 

This paper is focused on the coercivity enhancement of the near-stoichiometric Nd2Fe14B-based magnet by 

optimizing its microstructure, which included processes of grain boundary diffusion and grain boundary 

structuring via the application of hydrogenated Tb3Co0.6Cu0.4Hx composition added to the powder mixture. 

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 dwell at this temperature. The Tb3Co0.6Cu0.4 alloy was prepared 

by arc melting of starting components in an argon atmosphere on a water-cooled copper bottom using a 

nonconsumable tungsten electrode. This alloy was subjected to homogenizing annealing at 600 °C for 90 h 

(the analogous annealing conditions were used in [10]). After that, the alloy was subjected to hydrogenation in 

two modes: (mode 1) conditions applied for the strip-cast alloy, namely, heating to 270 °C in a hydrogen flow 

at a pressure of 0.1 MPa and subsequent 1 h dwell at this temperature, and (mode 2) stepped heating in 

hydrogen atmosphere and dwell at 200 °C and 500 °C in a glass Sieverts type apparatus were used. In the 

case of the stepped heating, the hydrogenation till obtaining the Tb3Co0.6Cu0.4Hx composition with x = 7.65 was 

realized. The hydrogenated Tb3Co0.6Cu0.4Hx compound and hydrogen-decrepitated strip-cast alloy were mixed 

and subjected to fine milling for 40 minutes till reaching 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 an optimum heat treatment (HT) at  

500 °C for 2 h. The following subsequent low-temperature stepped heat treatments were used (LTHT): 900 °C 

→ 400 °C; 500 °C → 400 °C, 20 °C → (40 min) → 500 °C (20 min) → (6 h) → 400 °C (10 h). The high-resolution 

field emission gun-scanning electron microscope QUANTA 450 FEG equipped with an EDX APOLLO X 

microprobe was used for the investigation of microstructure and chemical composition of sample. Magnetic 

properties of the permanent magnet were measured using the automatic hysteresisgraph. The hydrogen and 

oxygen content was determined by ONH - 2000 ELTRA analyzer.  
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3. RESULTS AND DISCUSSION 

3.1. SEM/EDX analysis 

Chemical composition of the analyzed phases is summarized in Table 1, where the mean values obtained 

from three analyses are given for phases 1, 4 and 5. The microstructure of the sintered magnet prepared from 

the powder mixture with 2 wt.% of Tb3Co0.6Cu0.4Hx compound is shown in Figure 1. The stoichiometric 

composition of grains in the sample is close to that of the Nd(R)2Fe14B phase (Phase 1 in Figure 1). The ideal 

Fe/R ratio (R = Tb, Pr, Dy) should be ∼ 7. However, as it is seen from the calculation of the Fe/R ratio in  

Table 1, some differences take place. This is related to the existence of errors of determination of the phase 

composition, which are due to the closeness of the characteristic X-ray spectra of some elements. In particular, 

the excitation potential for the Lα - series of Dy is 6.494 keV, whereas for Fe, the excitation potential for Fe Kα 

is 6.403 keV. Therefore, the spectra with the lower intensity must be taken; this can give error in determining 

the quantitative phase composition of material. In this case for Dy, we used the Mα (1.293 keV) characteristic 

radiation for Dy. Another difficulty exists in determining the chemical composition for the area (since the 

electron beam diameter is ~ 2 μm). The several intergranular Nd-rich phases at triple junctions differing in the 

Co, Cu and REM were found (phase 2 in Figure 1). According to the data on the chemical analysis of Nd-rich 

phases in Table 1, the Tb content varied from 0 to 4 at.%, Dy content from 0 to 1.9 at.%, Pr content from 9.2 

to 18.4 at.% and Nd content from 23.4 to 54.5 at.%. Other observed phases in the structure were REM-based 

oxides between grains of the sample (phase 3 in Figure 1). In accordance with literature data [11-12], these 

phases may correspond to NdO (the oxygen content is 50 at.%), Nd2O3 (the oxygen content is 60 at.%) or 

NdO2 (the oxygen content is 67 at.%). The total oxygen content in the sample is approx. 5000 ppm. Nb-Fe-

based compound is another observed phase, which is situated at the triple junction between the matrix grains 

(phase 4 in Figure 1). In addition to the main magnetically hard phase, the grains characterized by the 

increased Nd content and reduced Tb content are present in the magnet structure (phase 5 in Figure 1).  

       

Figure 1 The microstructure of Nd-Fe-B sintered magnet prepared from the powder mixture with 2 wt.% of 

Tb3Co0.6Cu0.4Hx and marked analyzed phases 

The low hydrogen content of 3 ppm (mean value) determined in the magnet by the method of inert gas fusion 

indicates the fact of the complete decomposition of Tb3Co0.6Cu0.4Hx compounds. The low nitrogen content of 

36 ppm (mean value) denotes the absence of nitrogen penetration into the magnet material. 

The distribution of rare earth elements, cobalt and copper in matrix grains and in the intergranular Nd-rich 
phases was studied using x-ray mapping. It is evident from Figure 2 that Co, Cu, Nd and Pr distribution over 

the matrix grains is nearly homogeneous. Some Nd-rich phases contain a higher amount of Cu in comparison 

with other intergranular phases - see Figure 2.  
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Table 1 Chemical analysis of Nd-Fe-B sintered magnet prepared from the powder mixture with 2 wt.% of  

 Tb3Co0.6Cu0.4Hx 

Area/phase 
OK TbM DyM AlK NbL PrL NdL FeK CoK CuK 

(wt.%) 

Phase 1   2.1 1.2 0.3 0.2 5.8 21.5 67.6 0.9 0.4 

Phase 2.1   0.0 0.0 0.4 0.2 24.6 50.7 9.4 4.1 10.7 

Phase 2.2   1.5 1.3 0.9 0.2 15.7 40.4 39.2 0.8 0.0 

Phase 2.3   1.4 1.0 1.1 0.2 15.3 39.8 39.8 0.9 0.6 

Phase 2.4   5.3 2.5 0.0 0.1 19.3 62.9 8.4 0.9 0.6 

Phase 3.1 11.6 4.5 2.4 0.0 0.1 17.5 56.0 6.8 0.8 0.3 

Phase 3.2 13.1 5.2 2.4 0.0 0.1 17.8 57.6 2.7 0.9 0.4 

Phase 3.3 20.1 4.5 2.2 0.0 0.1 17.0 52.6 2.4 0.8 0.3 

Phase 4   0.2 0.2 0.0 58.6 0.4 1.5 38.4 0.4 0.3 

Phase 5   1.1 1.0 0.3 0.5 6.1 22.2 67.1 1.1 0.7 

  (at.%) 

Phase 1   0.9 0.5 0.7 0.2 2.8 10.2 83.2 1.0 0.4 

Phase 2.1   0.0 0.0 1.6 0.2 18.4 37.1 17.7 7.3 17.7 

Phase 2.2   0.8 0.7 2.7 0.2 9.6 24.2 60.5 1.2 0.0 

Phase 2.3   0.8 0.5 3.4 0.2 9.2 23.4 60.5 1.4 0.8 

Phase 2.4   4.1 0.0 0.2 0.2 17.1 54.6 18.8 1.8 1.2 

Phase 3.1 51.0 2.0 1.0 0.1 0.1 8.7 27.3 8.5 0.9 0.3 

Phase 3.2 56.1 2.2 1.0 0.0 0.0 8.6 27.3 3.2 1.1 0.4 

Phase 3.3 68.1 1.5 0.7 0.0 0.0 6.5 19.7 2.4 0.7 0.3 

Phase 4   0.1 0.1 0.1 46.8 0.2 0.8 51.0 0.6 0.4 

Phase 5   0.5 0.4 0.8 0.3 3.0 10.6 82.5 1.3 0.7 

   

   

Figure 2 X-ray elemental mapping of REM, cobalt and copper in the matrix grains and Nd(R)-rich  

phases of Nd-Fe-B sintered magnet prepared from the powder mixture  

with 2 wt.% Tb3Co0.6Cu0.4Hx 

Nd Tb 

Pr Co Cu 
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Figure 3 documents the line analysis through the grain boundaries at a step of ~1 μm. The results showed 

that some grains demonstrated characteristic inhomogeneous Tb distribution. The Tb content is high near the 

grain boundary (that is typical of the magnetic materials and magnets prepared by GBD techniques or from 

REM alloy-containing powders) and, as the distance from the grain boundary increases, it demonstrates wave-

like variations. It should be emphasized that the higher terbium content corresponds to the lower neodymium 

(praseodymium) content. 

 

Figure 3 The line analysis through the grain boundaries in the Nd-Fe-B sintered magnet prepared from the 

powder mixture with 2 wt.% of Tb3Co0.6Cu0.4Hx 

3.2. Magnetic properties 

Table 2 shows data on magnetic properties of sintered magnets prepared with 2 wt.% hydrogenated addition 

of Tb3Co0.6Cu0.4, which are compared to those obtained for sintered magnets prepared with 2 wt.% of TbH2 

[3]. It should be noted that the magnetic properties of the magnets prepared with the hydrogenated 

Tb3Co0.6Cu0.4 compound are higher than those in the case of TbH2. One of the possible causes of the increase 

is the less oxidated state of additions in the case of the intermetallic compound. The other possible cause is 

the improved wettability of the Nd2Fe14B-phase grains with grain-boundary phases alloyed with cobalt and 

copper. Studies of the stability of structure-sensitive parameter of sintered magnets, namely, of the coercive 

force jHc to the low-temperature heat treatments (annealing at temperatures below the optimum heat-treatment 

temperature (500 °C), are performed by estimating the time and temperature stability of magnets during their 

operation); they show the increase in the coercive force (Table 2) up to 1480 kA/m in the case of hydrogenated 

Tb3Co0.6Cu0.4 addition. This fact is not typical for sintered Nd-Fe-B magnets, which usually demonstrate the 

drop (or constancy) of the coercive force after low-temperature heat treatments at 350-450 °C. 

Table 2 Magnetic properties of Nd-Fe-B sintered magnet prepared from the powder mixture with 2 wt.% of  

 Tb3Co0.6Cu0.4Hx 

Sample 
Br jHc Hk (BH)max 

(T) (kA/m) (kA/m) kJ/m3 

Nd(Pr)-Fe-B + 2 % Tb3(Co0.6Cu0.4)Hx + optimum HT 1.35 1336 1200 360 

Nd(Pr)-Fe-B + 2 % Tb3(Co0.6Cu0.4)Hx +  LTHT 1.35 1480     
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4. CONCLUSIONS 

The performed structural and magnetic studies of sintered Nd-Fe-B magnet prepared from the strip-cast alloy 

show that the application of hydrogenated Tb3Co0.6Cu0.4Hx compound may efficiently enhance the coercivity 

of Nd-Fe-B magnets with slight sacrifice of their remanence. The increase in the hysteretic properties of magnet 

is related to the combined grain-boundary diffusion and grain-boundary restructuring effect realized during the 

special mode of heat treatment.  
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Abstract 

This paper presents a study of the effect of high voltage electrospark deposition (ESD) using tungsten 

electrode on the carbon steel. The layers were investigated with metallographic methods. Microscopic 

examination was carried out to examine the structure of formed layers. Image analysis methods were used to 

observe the cross-section of the layer. Scanning electron microscope (SEM) and energy-dispersive X-ray 

spectroscopy (EDX) analysis was conducted to characterize the microstructure and composition of the coating. 

Micro-hardness tests were carried out to evaluate the mechanical properties of coating on carbon steel. The 

results of investigations showed that there is a possibility of obtaining the satisfying quality superficial layer on 

the carbon steel C45 using tungsten electrode. 

Keywords: Electrospark deposition (ESD), surface layer, microhardness, EDM, electrical-discharge alloying 

1. INTRODUCTION 

Due to the present trend in constructing machines, alloys of special properties are often used. These materials 

are characterized by mechanical durability and high resistance to abrasion and corrosion. The production of 

whole structures is associated with high costs, therefore often the surface layer is modified [1-4]. 

The EDM is undeniably classified as a removal process [5-8]. However, the EDM process can also be used 

as a surface treatment method; then it is called electrospark deposition (ESD) [9-12] or electrical-discharge 

alloying (EDA) [13-15], which can be performed using different tool electrodes. 

Electrospark deposition is used to modify surfaces coatings for specific properties or for repair of damaged 

high value precision products. The electric motor generates electrode movement, preventing the constant 

contact between the electrode and substrate. During ESD process, the release of capacitor energy will 

generate a high temperature plasma arc between the electrode tip and the substrate. The electrode material 

is ionized by the plasma arc and the molten electrode material is transferred onto the substrate. 

There are other methods of modifying the top layer by HVOLF-sprayed nanocrystalline coating [16], pulse 

microwelding technique [17] or even production of porous structure [18, 19], but the costs can be too high 

compared to other treatments. 

The paper is focused on electrospark deposition (ESD) as a "non-conventional" method of applying layers. 

The aim of research is to study the effects of ESD process to modify carbon steel C45 with tungsten electrode, 

using the same discharge voltage but different capacitance capacitances. 

2. MATERIALS AND METHODS 

Carbon steel was chosen as the base material. The samples for applying layers were prepared by CNC 

machine AVIA VMC800 [20, 21]. The tungsten electrode was selected to deposited on a carbon steel (C45) 
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substrate in the ESD process experiments. The diameter of the electrode was 4 mm. The discharge voltage 

was 600 V, the capacitance capacitances were changed from 50 µF to 250 µF. 

 

Figure 1 Scheme of the ESD process 

Samples before applying the layers [22-25] were weighed to observe the growth of the material. After ESD 

treatment, the surface roughness was measured [26, 27]. During the preparation process for the obtained layer 

were cut to smaller pieces using AWJM machine [28, 29] to avoid thermal influences and mounted in resin. 
After proper polishing and etching using 4% HF the layer was subjected to observation (Figure 2). 

 

Figure 2 Micrograph image of cross-section of the surface alloyed after the ESD process 
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3. RESULTS 

The microstructures of the alloyed layers were observed using SEM JEOL JSM 7100F microscope. To 

examine the alloying extent and the compositional distribution of the modified layers, SEM and X-ray diffraction 

was also used. 

a) b) 

 

 

 

 

 

 

Figure 3 X-ray line scan of the surface layer after the electrospark alloying process using a tungsten 

electrode witch chemical elements distribution in the sub-surface layer a) 600 V, 50 µF, frequency 50 Hz,  

b) 600 V, 250 µF, frequency 50 Hz. 

To presents the results of investigating electrospark deposition traces on the machined surface where capture 

and present. Analysis of the geometric structure after ESD were performed using optical profilometer Talysurf 

CCI Lite, using the TalyMap Platinum software, and Gaussian filter 0.8 mm (ISO 4287). The tests were 

performed on scanning profilometer [30] which can not only give visual information on the shape of discharge 

traces but also enables measurement of trace geometry and give information on volume of pits and flashes. 

The analysis of the ESD process shows that relationships between the capacity of capacitors and surface 

roughness. Surface roughness decreased with increasing the capacity of the capacitors, from Sa 8.1 µm to 

4.7 µm.  

Microhardness tests were carried out by using a Vickers indenter, with an applied load of 0.1961 N for 15 s. 

The indentations were positioned at regular intervals in the transverse direction across the surface layer, from 

the fusion zone up to the base metal. The microhardness of the alloyed layers was HV0.02 = 995, the fusion 

zone HV0.02 = 680 to 780 and the base material HV0.02 = 235. 
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a)  

b)  

Figure 4 The 3D view of the machined surface made by Talysurf CCI Lite -Taylor Hobson scanning 

profilometer, a) 600 V, 250 µF, frequency 50 Hz, b) 600 V, 50 µF, frequency 50 Hz 

4. CONCLUSION 

The investigations into electro spark deposition process using a tungsten electrode shown that:  

• increasing of the capacitance capacitances causes the discharge over a larger area, 

• the surface layer subjected to the deposition process contains chemical components of the electrode, 

• X-ray analysis shows an increase of tungsten up to 100% using high capacity, in the case of smaller 

capacity the tungsten was observed in the range between 50-60%, 

• thickness recast layer was from 10 to 30 µm using high capacity, 

• the hardness of the deposited layer increased significantly in relation to the substrate material, 

• surface roughness decreased with increasing the capacity of the capacitors, from Sa 8.1 µm to 4.7 µm. 

• The results of investigations showed that there is a possibility of obtaining the satisfying quality 
superficial layer on the carbon steel C45 using tungsten electrode. 
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Abstract  

The main advantage of mechanical alloying (MA) is a possibility to combine together different components that 

are difficult or even impossible to combine by conventional melting methods due to their high reactivity in liquid 

or semi-liquid state. In the present work, results of experiments performed on Al-AgO and Al-CeO2 composite 

rods manufactured by means of mechanical alloying method was presented. Structure of as-extruded 

composites was analysed using SEM/TEM observations and X-ray diffraction analysis (XRD).  

It was found that intermetallic phases were formed at elevated temperature as a result of chemical reaction of 

strengthening particles and aluminium matrix. In order to determine composites thermal stability, samples were 

subjected to annealing in temperature range 473 K - 873 K. The effect of annealing on the sample 

microhardness was determined and compared with respect to structural processes resulting from chemical 

reaction of CeO2 and AgO and aluminium matrix. It was found that adequate intermetallic grains start to form 

during production process (MA, hot extrusion) and their coarsening was intensified during following annealing 

at high enough temperature. 

Keywords: Powder metallurgy, mechanical alloying, powder’s consolidation, aluminum composite 

1. INTRODUCTION  

Dynamic development of automotive and aviation industry in recent years forcing a trend towards new, light 

and high strength materials, which can meet high modern construction standards. Traditional materials 

produced using metallurgical methods very often don’t meet requirements imposed on them by industry, 

therefore, in order to overcome this issues, the material engineering must develop new methods of designing 

and material production technologies with strictly defined properties of the product [1-5]. Plastic consolidation 

is widely used as effective process for densification of powder, chips and belts. Into a group of modern, 

construction materials, which allow maintain high level of performance parameters, MA composites can be 

classified. Their mechanical properties are mainly determined by strengthening mechanisms and structural 

process mostly caused by increased temperature of the material during processing. Composites based on light 

metals strengthened by metal oxide particles constitute a specific group of metallic composites manufactured 

by mechanical synthesis [6-9]. Use of light matrix in these materials results in acquiring low specific gravity 

weight and high strength at the same time. Literature data indicates that metallic composites strengthened in 

particular by metallic oxides are characterised by high hardness level. As an example, Al-Sb2O3:145HV,  

Al-Nb2O5:150HV, Al-MnO3:240HV composites can be mentioned [10-19]. Composites strengthened by 

metallic oxides can be separates into two groups. First group consists of composites, in which the metal 

released from metallic oxides during chemical reaction in Al-matrix, practically does not dissolve in the matrix 

and does not form intermetallic phase with aluminium. Examples of that composites are Al-PbO i Al-SnO2 [10, 

20]. Annealing of aforementioned composites at the temperature range of 500°C to 600°C showed that SnO2 

and PbO oxides reacts with aluminum, forming pure metal precipitates (Sn, Pb). After reduction of oxides, 

released oxygen combines with aluminum forming nanometric, needle-shaped Al2O3 particles, which 

additionally influence matrix strengthening, prevent recrystallization process and further grain coarsening at 

elevated temperatures. Described structural processes result from the following chemical reactions:  
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3 SnO2 + 4 Al → 3 Sn + 2 Al2O3      

3 PbO + 2 Al → 3 Pb + Al2O3 

Composites from this group are thermally stable up to the temperature of about 400°C, and after exceeding 

this temperature hardness is usually dropping while porosity is increasing, which depends on a result of 

chemical reaction mentioned above [10,20]. In case of the second group of metallic composites, metal oxides 

react with a matrix and result in intermetallic phases precipitation [14-16]. Examples of such composites are 

Al-CuO and Al-Nb2O5 where reaction between structural components can be separated into two steps as 

follows 

8 Al + 3 CuO  → 3 Cu + 6 Al + Al2O3 → 3 Al2Cu + Al2O3 

28 Al + 3 Nb2O5 → 6 Nb + 18Al + 5 Al2O3 → 6 Al3Nb + 5 Al2O3 

If the first step results in a local reduction of a volume of chemical reaction products, the material porosity rises. 

However, following growth of intermetallic grains may result in locally increasing volume of the grain. Therefore, 

summarized effect of a local volume alterations may become compensated and result in negligible porosity of 

the material. It was reported that chemical reaction in Al-CuO composite takes place already during hot 

extrusion stage, which leads to formation of equilibrium phase θ (Al2Cu) while in Al-Nb2O5 equilibrium phase 

Al3Nb forms after annealing at 600 °C [10-12]. Therefore, experiments described below were also performed 

to determined the thermal stability of already tested composites.  

2. EXPERIMENTAL 

Examined composite Al-CeO2 was prepared from a powder mixture of aluminum (an average grain size of 10 

µm and purity of 99.9%) with 9.1 wt.% addition of CeO2 (an average grain size of 1-8 µm and purity of 99,5%). 

Rare earth oxides to which CeO2 is classified are one of the most thermally stable materials, therefore using 

this oxide as strengthening particle is fully justified [21]. Cerium oxide is characterized by density of 7.13 g/cm3 

and melting temperature of 2600°C. Crystallographic lattice is fluorite-type with lattice parameter of 0.511 nm 

[22, 23]. Subsequent examined material was Al-AgO composite produced from mixture of aluminum (an 

average grain size of 10 µm and purity of 99.9%) and 12.8 wt.% AgO oxide powders (an average grain size of 
60 µm and purity of 99,5%). Silver oxide (AgO) is characterized by density of 7.48 g/cm3 [24, 25]. Table 1 

presents chemical composition of examined composites.  

Table 1 Chemical composition of examined composites 

 at.% wt.% 

Al - CeO2 Al - 4.5 CeO2 Al - 9.1 CeO2 

Al - AgO Al - 6 AgO Al - 12.8 AgO 

Powder mixtures (700 g each) were milled in Attritor mill for 30 h. Steel balls with a diameter of 9.5 mm were 

used for milling procedure. The milling was carried out using stirrer rotation speed of 120 rpm. Protective 

atmosphere of argon was used during milling in order to prevent powders from oxidation and accidental self-

ignition of the powder mixture. Addition of methanol (5 wt.%) into a charge was used to prevent against 

formation of powder agglomeration which could deposit on steel balls and grinder mixing blades or the 

container walls. As milled powders were subjected to cold pressing under load of 500MPa and, after degassing 

in vacuum for 1 hour, powders were submitted to hot pressing (400°C) under load of 100MPa. Last stage of 

manufacturing process was hot extrusion at the temperature of 400°C that resulted in receiving of the rods 

with a diameter of 7mm. Composite samples were subjected to Vickers hardness tests in accordance with a 

standard PN EN ISO 6507-1 applying load of 19.61 N (HV2). The samples were cut from as-extruded rod, 

then annealed at the temperature range of 200-600 °C. Analysis of phase composition was carried out with 
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use of X-ray diffractometer Rigaku MiniFlex II. Diffraction analysis was performed using 2θ angle ranging from 

20 to 70 degree. Diffractometer has been equipped with Cu lamp which generated Kα characteristic X-radiation 

with a wave length of 0.15418 nm. Microstructure observations were performed with use of JEM 2010 electron 

microscope and accelerating voltage of 200 kV. Thin foils for microstructure observations were finally thinned 

using PIPS-691 GATAN ion thinner. For microstructure observations also scanning electron microscopy 

Hitachi SU-70 was used. 

3. RESULTS AND DISCUSSION 

Results of microstructure observation confirmed, that process of mechanical alloying (under protective argon 

atmosphere) combined with extrusion at elevated temperature allows to obtain composite with negligible 

porosity and highly refined structural components. Grain size of aluminum matrix was determined by statistical 

intercept method with a use of STEM structure images. After mechanical consolidation and hot extrusion, 

measured grain size of Al-CeO2 and Al-AgO composites were 244±1.1 nm and 259±1.6 nm respectively. In 

both materials, evenly distributed strengthening particles in aluminum matrix were observed. Strengthening 

particles in Al-CeO2 composite were found to be evidently finer with respect to these observed for Al-AgO 
composite (Figures 1, 2). Both examined composites are characterized by lack of visible porosities which 

confirms that conditions of the powder mechanical consolidation during extrusion process were well-selected.  

     

Figure 1 Microstructure of as-extruded composites revealed by means of SEM: a) Al-CeO2; b) Al-AgO 

     

Figure 2 Microstructure of as-extruded composites revealed by means of TEM: a) Al-CeO2; b) Al-AgO 
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Results of XRD analysis (Figure 3) suggest that particles of CeO2 were not reduced during extrusion. Both 

CeO2 and Ce4O7 oxides in as extruded material were identified, which suggest high stability of material during 

extrusion at 400°C. CeO2 and Ce4O7 particles are characterized by A1 lattice. Because mentioned oxides differ 

only slightly in cell parameters ( aCeO2 = 0.54113 nm, aCe4O7 = 0.55260 nm) it can be assumed that they concern 

the same oxide (CeO2) of which crystallographic data has been used in TEM/SAD examinations [26]. Analysis 
of results for Al-AgO composite lead to the conclusion, that AgO particles are subjected to reduction in 

aluminum matrix during hot extrusion while intermetallic phase Ag2Al was formed in the material (no presence 
of AgO particles and Al2O3 were detected in XRD diagrams (Figure 3).  

 

Figure 3 X-ray diffraction analysis results for as extruded Al-CeO2 and Al- AgO composites. Identified peaks 

of the oxides CeO2 and Ce4O7 and intermetallic phase Ag2Al-type are marked in the figure. 

  

Figure 4 TEM structures of as-extruded composites: a) Al-CeO2; b) Al-AgO. Diffraction patterns for CeO2 

and Ag2Al particles, marked A and B in TEM pictures, are inserted in figure a) and b), respectively 

Hardness of as-extruded Al-AgO composite is much higher with respect to Al-SnO and Al-PbO composites in 

which contact of strengthening particles with aluminum matrix does not lead to formation of intermetallic 
phases as reported elsewhere (Figure 4) [10, 14]. Hardness of Al-CeO2 composite is comparable with as-

extruded Al-Nb2O5 that is material in which intermetallic grains of NbAl3 - type were found [12]. Composite Al-
HfO2 is characterized by presence of intermetallic phase HfAl3 [13] and hardness of 164 HV (Figure 5a). One 

of the most desired properties of metallic composites - besides mechanical properties - is the stability of their 

structure at high temperature. Formation of intermetallic phases as a result of interaction between 

Al-CeO2 

Al-AgO 

Ag2Al CeO2 Ce4O7 
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strengthening particles and matrix is basically dependent on composite annealing conditions. Hardness of 
composites vs. annealing temperature is presented in Figure 5b. Experiments were performed in wide 

temperature range (473K - 873K) at constant annealing time of 2h.      

 

Figure 5 Hardness of some composites reported in literature: a) as-extruded; b) samples annealed at 473K -

873K for 2 hours [10,12] 

Hardness of Al-CeO2 composite is practically remained during annealing for 2 h in temperature range 473 K-
773 K and become reduced after annealing at 773 K and 873 K from 128 HV to 87 HV (Figure 4b, Table 2). 

In case of Al-AgO composite initial hardness is higher than that for Al-CeO2 and it does not change during 

annealing in temperature range of 473 K-673 K. At higher annealing temperatures, the sample hardness was 

found to decrease from 160 HV to 82 HV for annealing temperatures 673 K and 873 K, respectively  
(Figure 4b, Table 2). For comparison, Al-Ta2O5 composite maintains almost constant hardness value during 

annealing in the same time-temperature conditions (Figure 4b). In temperature range of 473 K-673 K both Al-

CeO2 and Al-AgO composites are characterized by comparable hardness regardless of annealing time. 

Changes in hardness along with annealing time were observed at the temperature range between 773 K and 
873 K (Table 2). 

Table 2 Effect of annealing time and temperature on hardness of Al-CeO2 and Al-AgO composites 

 Al-CeO2 Al-AgO 

2 h 24 h 2h 24h 

473 K 139 HV 138 HV 161 HV 159 HV 

573 K 139 HV 137 HV 162 HV 161 HV 

673 K 136 HV 137 HV 160 HV 154 HV 

773 K 128 HV 108 HV 130 HV 113 HV 

873 K   87 HV   76 HV   82 HV   84 HV 

4. CONCLUSIONS 

1) High hardness of Al-AgO and Al-CeO2 composites result from efficient refining of components during 

mechanical alloying and advantageously performed consolidation of MA-powders by means of vacuum 

pressing and following hot extrusion (673K).  

2) Plastic consolidation of components during hot extrusion was found to be very effective procedure to 

avoid pores and voids in as-extruded Al-AgO and Al-CeO2 composites. 
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3) TEM and XRD analyses confirmed the development of intermetallic phases (Ag2Al) in hot extruded 

material and no presence of AgO particles and Al2O3 were detected. Structure and hardness 

measurement of Al-CeO2 samples revealed relatively good thermal stability of the examined composite. 
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Abstract  

One of the currently used industrial methods of zinc and lead production is Imperial Smelting Process, based 

on the use of a shaft furnace. It was created for the processing of traditional minerals of both metals that form 

compounds with sulfur. Their processing involves the necessity of removing sulfur from the materials before 

applying them to the furnace. This task is carried out by a specially constructed sinter plant, which also 

prepares the furnace charge for physical and chemical properties. In recent years, the necessity has become 

the processing of increasingly-occurring post-production waste containing Zn and Pb on the market, in which 

the carriers of these metals are ZnO and PbO. These wastes are characterized by very diverse physical 

properties that negatively affect the sintering process and, as a consequence, the use of such wastes for sinter 

plant operation, and especially of the shaft furnace. The influence of these properties of materials on the 

agglomeration process and consequently the production effects of zinc and lead were analyzed. An industrial 

test was carried out to explain the influence of metal-bearing material size distribution on production effects 

such as fuel consumption, production, etc. 

Keywords: Batch permeability, sinter grain size, zinc and lead production, Imperial Smelting Furnace 

1. INTRODUCTION 

Blast furnaces for the production of zinc and lead have been constructed to recover these metals from the 

minerals found in the earth's crust. The basic fossil minerals Zn and Pb are sulphides, carbonates and, more 

rarely, silicates and oxides. In the case of the ISP process, the first group of minerals is the most important. 

Both the furnace construction itself and the accompanying installations were designed for the processing of 

sulphide batch. In particular, this applies to the sinter plant preparing the charge for the needs of the shaft 

furnace, the structure of which is adapted to capture the sulfur that separates in the process of agglomeration, 

directing it in the form of gas to the sulfuric acid plant where it is managed. 

In recent years, significant amounts of waste products from other processes, containing zinc and lead, appear 

on the market. Both metals in these materials are in the form of oxides. The increased price of traditional zinc 

and lead ores has also been observed for some time. The necessity of using oxide waste materials forced the 

producers to adapt technologies to their processing due to maintaining production continuity, but also to 

improve economic results [2]. It was considered that a better solution would be to separate both types of feed. 

This led to dividing the furnace working time into an oxide and sulphide campaign. They are implemented 

alternately and a single campaign lasts about a month. The introduction of oxide charge for production carries 

a number of complications. They mainly concern the units preparing the sinter mix and the sintering process 

of the materials themselves, but also in some elements of the actual zinc and lead production process in the 

shaft furnace.  

The article presents influence of ISF batch characteristics on its industrial operation at zinc smelter HCM in 

Miasteczko Śląskie (Poland). 
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2. CHARACTERISTICS OF SINTER PLANT OPERATION 

The charge for the oxide campaign is collected during the period of the previous processing of sulphide 

materials. An example of a set of materials collected for the needs of the oxide campaign with shares of 
selected components is presented in Table 1. 

Table 1 Set of waste materials used in oxide campaign of ISF [HCM data] 

Internal name of 
waste material 

Component (wt.%) 

H2O Zn Pb Fe SiO2 CaO MgO Al2O3 

Ash Germany 0.78 69.16 0.81 1.50 1.94 0.71 0.14 9.00 

Ash Zn 0.48 44.70 1.41 5.40 4.47 0.31 0.12 23.67 

Concentrate PbZn 9.70 22.08 37.58 0.75 4.36 2.89 2.12 0.94 

Granular oxide 10.57 47.58 13.43 2.20 1.10 3.69 0.47 0.36 

Hydroxide 27.75 41.27 3.12 10.35 4.75 5.14 4.09 0.96 

Oxide 1 0.40 58.36 2.17 1.03 5.27 1.56 0.30 2.19 

Oxide 2 0.50 55.48 0.16 13.22 0.10 0.07 0.03 12.75 

Oxide 3 3.30 62.49 1.02 9.87 1.36 0.53 0.11 4.53 

Oxide 4 5.56 54.8 2.69 1.75 4.95 0.89 0.23 1.38 

Oxide Romania 0.28 50.73 21.56 1.69 1.05 0.71 0.07 0.47 

Oxide Turkey 2.00 64.14 6.24 1.67 0.32 3.61 0.23 0.10 

Oxide England 23.24 51.72 4.38 1.94 1.72 2.96 0.97 2.64 

Oxide with Ag 27.79 35.12 7.49 7.29 7.11 4.94 5.37 0.82 

Waelz oxide 22.56 66.12 4.87 1.87 0.78 2.90 0.31 0.26 

As can be seen, the shares of key components in particular materials undergo large fluctuations. This applies 

mainly to lead and, to a lesser degree, zinc. However, the proportion of water in a significant amount of 

materials for the production of sinter mix is particularly striking. An important component is also iron, whose 

reduction with the creation of a separate liquid phase in the shaft furnace is unacceptable from the point of 

view of durability of the furnace [3]. Another disadvantage is the physical properties of oxide materials that 

complicate the production of the sinter mix. Most of them are in the form of dust and even sludge. The creation 

of a sinter mix exclusively from such materials precludes the possibility of sintering due to the insufficient air 

permeability. Hence it is need to use a sintered powder as the main component of the mixture. Such technology 

drastically affects the efficiency of the sinter plant. It can be assumed that the normal applied in practice 

addition of sintered powder to the mixture is from 70 % to 80 % of its total mass.  

Laboratory tests of sludge mixture permeability, using real batch materials, with variable addition of sintered 

sinter were carried out. A specialized device was used for the tests, and the air permeability index was adopted 

for R. Voice [4] as in equation (1): 

mh

S

A

V
P

60.

=             (1) 

where: 
P - R. Voice permeability index (m3/m3∙h) 

V - volume of blown air (m3/h) 

A - crossed area of mix layer (m2) 

h - height of mix layer (m) 

S - pressure of blown air (mm H2O) 

m - coefficient of moisture absorption, for ores 0.4 (-) 
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Figure 1 shows dependence of permeability index on share of return sinter in the mix, height of mix layer and 

pressure of blown air. 

 

Figure 1 Dependence of permeability index on share of return sinter, height of mix layer and pressure of 

blown air 

The obtained results indicate that the addition of return sinter in amount of about 70 % is the lowest to ensure 

the sintering process. It should be noted, that only 30 % of the sintered product will be delivered as a furnace 

charge. On the one hand, the efficiency of sinter production is difficult to accept, but on the other hand, such 

technology results in very high stabilization of the sinter's chemical properties, constituting about 97 % of batch 

for the blast furnace. 

Another complication of the technology used is the recycling of sinters in the production process, a material 

with finer grains. Due to the scale of the grinding turns, the material with the optimum grain size for the oven 

also goes. On the other hand, the material with the largest grain goes as an input to the shaft furnace. 

3. INFLUENCE OF INCREASED SINTER GRAIN SIZE ON THE ISF OPERATION 

Generally, in a shaft furnace, the sinter is evaluated in terms of strength and reducibility. Strength is influenced 
by the chemical composition of the material and the manner in which the agglomeration process is carried out. 

Reducibility is a more complex indicator. It depends on the chemical composition, the type of compounds that 

make up the metals, but also on other factors, the most important of which is the graininess of material charged 

to the furnace. It follows that the total value of this indicator can be influenced by the selection of the reacting 

phases surface. If the contact surface is more extensive, the reduction process will intensify, including indirect 

reduction. In the case of the furnace for the production of zinc and lead, the system of temperature zones is 

selected so as to counteract reoxidation carried with zinc gases. For this reason, the temperature of the flue 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1732 

gas should exceed 900 °C. Thus, almost the entire column of materials in the reactor working space is in the 

Boudouard reaction zone. It is therefore possible to assume a large advantage of endothermic direct reduction 

over indirect reduction. Zinc almost entirely will give oxygen with the participation of Boudouard reaction. In 

the case of lead, which is reduced at lower temperatures, a certain share of indirect reduction is possible. The 

larger the share, the better the utilization of the gas reduction potential and the lower fuel consumption in the 

furnace. Intensification of indirect lead reduction, with a stable chemical composition of the sinter is possible 

by selecting the optimum granularity of the batch. This feature of the charge, apart from the impact on the 

intensity of reduction processes, including indirect ones, also affects other elements of the shaft furnace 

operation. In the case of too small granules of batch, one can expect an excessive increase in resistance to 

gases flowing to the top of furnace, with constant values of pressure loss, a decrease in production resulting 

from the counter-current nature of the process. In the opposite situation, the charge of excessive chunkiness, 

the negative effect is the descent of unreacted feed material into the lower regions of the furnace.  

As part of the project supporting the presented work, at the blast furnace in HCM Miasteczko Śląskie was 

carried out an industrial test to investigate the impact of sinter size on the reducing ability of the gas phase 

and fuel consumption. Changes in the sinter grain size were made by the gap size adjusting of the crushing 

unit, located between the sinter plant and the blast furnace. The normally used gap size is 140 mm. This 
resulted in the following sinter grain distribution (Table 2). 

Table 2 Sinter grain size distribution and ISF operation data in dependence of crusher gap size during 

  industrial test 

Crusher gap size 
(mm) 

Share of sinter grain size (wt.%) Top gas (vol.%) Coke 
consumption 
(kg/tonne Zn) 

0-20 
(mm) 

20-100 
(mm) 

100-150 
(mm) 

>150 
(mm) 

CO CO2 

140 (referenced) 1.64 28.39 33.76 36.21 31.80 6.62 1060 

130 3.99 33.23 31.86 30.91 29.03 7.47 1047 

110 6.25 38.14 29.41 26.34 28.40 7.17 970 

The next step was to reduce the gap size of the crusher to 95 mm, but the attempt was not continued. As the 

crusher gap decreased and sintering grain size changes changed, the demand for sinter as a batch grew, and 

reached a critical state at the 110 mm gap of the crushing device. Concerns arose that during the continuation 

of the test, a batch deficit would occur which would necessitate the braking of the furnace. As the large (>150 

mm) and medium (100-150 mm) sinter grain was reduced, the furnace working space was improved, which 

resulted in an increased demand for the batch. In the case of 70-80% addition of sinters to the sinter mix, this 

deficit could not be eliminated and the test had to be stopped. 

From Table 2 can be seen that with decrease of sinter big grains the coke consumption significantly dropped. 

It may be explained as following. Decrease of sinter granularity has intensified the process of lead reduction 

in the upper layers of the shaft. This was accomplished by improving the contact of the gas and solid phase, 

consisting in the expansion of the reaction surface intensifying the reduction process [5]. At the same time, the 

endothermic direct reduction process was deteriorated, which resulted in a dropping of fuel consumption and 

probably an increase in production. 

4. CONCLUSION 

A (Zn-Pb) batch for the Imperial Smelting Furnace working in zinc smelter HCM in Miasteczko Śląskie, consists 

of about 97 % sinter produced in its own sinter plant. In the case of an oxide campaign, the sinter mix is made 

from a significant number of components constituting post-production waste. They are diversified in terms of 

their chemical composition and, above all, their physical properties make it impossible to carry out the sintering 

process as it takes place in iron ore sintering process. Hence, forced return sinter additions of a selected 
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granularity to the sintering mixture are used and thus giving it sufficient breathability. These additives reach in 

practice up to 80% of sinter production. In addition, as the furnace charge the largest pieces are placed and 

create an unfavorable grain system. The permeability test of the sinter mix showed, that the optimal addition 

of the return sinter is about 70 wt%.  

However, industrial grain size test of sinter used as batch in ISF showed a favorable direction in changing the 

flue gas composition (CO, CO2) and reducing the consumption of coke. 

Therefore, improving the ISF operation should be associated with the optimization of the grain size of loaded 

sinter and also decreasing of the return sinter share in the sintering mix. It is possible to consider, if necessary, 

methods of pre-treatment of materials for the sintering process, such as, for example, granulation, which may 

reduce the amount of recycled sinter and allow the furnace to work freely with a feed of smaller average grain. 

ACKNOWLEDGEMENTS   

This work has been financed by European Funds, Operational Programme Smart Growth 2014-2020, 
Sectoral Programme INNOSTAL, project no. POIR.01.02.00-00-0174/16. 

REFERENCES 

[1] LĘDZKI, A., STACHURA, R, BERNASOWSKI, M. and KLIMCZYK, A. Analysis of the potential improving the 

efficiency of zinc and lead production in the smelting work Miasteczko Śląskie. In Technologia Imperial Smelting 

Process w Hucie Cynku „Miasteczko Śląskie” S. A.: Nowe wyzwania: produkcja cynku i ołowiu z materiałów 

tlenkowych.  Miasteczko Śląskie. 2012.  pp. 1-22. 

[2] INGALDI, M. and JURSOVA, S. Economy and possibilities of waste utilization in Poland. In METAL 2013: 22nd 
International Conference on Metallurgy and Materials. Ostrava: TANGER, 2013, pp. 1779-1784. 

[3] ZHAO, B., HAYES, P.C. and JAK, E. Phase equilibria studies in the system ZnO-FeO-Al2O3-CaO-SiO2 relevant to 
Imperial Smelting Furnace slags: Part I. Metallurgical and Materials Transactions B. 2010. vol. 41B, pp. 374-385. 

Available from DOI: 10.1007/s11663-010-9342-z 

[4] MAZANEK, E., JANOWSKI J. and BENESCH, R. Przygotowanie wsadu wielkopiecowego [Blast Furnace Batch 
Preparation], Katowice: Śląsk, 1968, pp. 238-240. in Polish. 

[5] BANERJEE, A., SEN, P.K. and ROY, S.K. Novel approach to modeling of imperial smelting furnace behavior, 
Mineral Processing and Extractive Metallurgy Review. 2006. vol. 28, iss. 2, pp. 159-176., Available from DOI: 

10.1080/08827500601012928. 

 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1734 

MICROSTRUCTURE AND PURITY OF THE NiTiZr-BASED ALLOYS PREPARED BY A 
PLASMA METALLURGY PROCESS 

Václav STRUNG, Ivo SZURMAN, Martin POHLUDKA, Daniel PETLÁK, Jiřina VONTOROVÁ  

VŠB - Technical University of Ostrava, Faculty of Metallurgy and Materials Engineering, Ostrava-Poruba, 

Czech Republic, EU, vaclav.strung@vsb.cz 

Abstract 

Alloys based of the Ni-Ti binary system have important position in a branch of shape memory alloys. Zirconium 

is an important alloying element giving these alloys needed stability at high-temperature applications. The aims 

of this paper were a preparation of the Ni-35Ti-15Zr and Ni-45Ti-5Zr (at.%) alloys, description of their 

microstructures and monitoring of their purity. The alloys were melted by plasma metallurgy processes. 

Metallographic samples were prepared from a central part of the ingot. The optical and scanning electron 

microscopes were used for documentation of microstructure. In both cases, the microstructure was 

polycrystalline with random orientation of grains. Individual grains consisted of dendrites formed by the NiTi-

phase. On the contrary, interdendritic space was rich with Zr, eventually it contained undesirable inclusions of 

TiC and ZrO2. They form in consequences of chosen technology of preparation in combination with high 

melting temperature. Because titanium is significant picker, contents of oxygen and carbon were monitored in 

the ingot samples of both alloys. The Ni-45Ti-5Zr alloy contained of 0.115 wt.% O2 and of 0.013 wt.% C. For 

the Ni-35Ti-15Zr alloy, the content of O2 was 0.103 wt.% and content of C was 0.012 wt. %. Compared to 

industrially manufactured NiTi-based memory alloys, contents of both elements should not exceed C < 0.07 

wt.% and O2 < 0.05 wt.%. We can submit that chosen method of preparation - plasma metallurgy - did not 

prevent the oxidation of both alloys, even though the melts were in a protective atmosphere of Ar with a purity 

of 4N6. By contrast, the carbon content remained in the standard.  

Keywords: NiTiZr alloys, microstructure, plasma metallurgy, purity 

1.  INTRODUCTION 

NiTi alloys are known as the most important shape memory alloys with good memory effect and 

pseudoelasticity. These shape memory alloys with high melting point are materials with phase transformation 

above 100°C. They are mainly applied in robotics, automotive, aerospace and medicine especially because of 

their excellent biocompatibility and corrosion resistance. The high transformation temperature of the NiTi alloys 

can be obtained by adding of a third element to an alloy, such as Pt, Pd, Au, Zr or Hf. From these elements, 

Hf and Zr appear to be most suitable because of their lower prices compared to the remaining elements. For 

a few reasons, practical devices have not been developed yet. One of the most serious problem of the NiTiZr 

alloys is their low workability. How a Zr content in these alloys increases, their hardness increases also but the 

workability and cold ductility significantly decrease. Improving of cold processability of the NiTiZr alloys is very 

important for their production in suitable sizes and shapes and for controlling of their microstructures. 

Therefore, NiTiZr alloys have been extensively studied in recent years [1 - 5].  

One of the most important prerequisites for the practical application of these alloys is managing of production 

problems. This puts increased demands on purity of the raw materials as well as on the production process 

itself. In order to avoid unwanted impurities, the production of NiTiZr alloys is mostly carried out by melting in 

vacuum. Nowadays there are some different methods using for the alloy preparation (for example melting in 

high-frequency induction vacuum furnace, melting in an arc furnace, melting in a plasma furnace, electron 

beam melting etc.). Another possibility is represented by powder metallurgy. During a melting process, content 

of gases (oxygen) and non-metals (carbon) has a negative effect on the alloy properties. A process of 
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solidification control is another important problem because of related minimization of micro- and 

macrosegregation. It is also necessary to prevent the material from non-metallic inclusions (e.g. from 

electrodes or melting crucibles). Formation of different carbides and oxides (especially TiC, TiO2, Ti2NixOy) in 

NiTi alloys effects concentrations of individual elements and is accompanied by changes of phase 

transformation temperatures. The formation of the low-melting phase of Ti2Ni leads to cracking of the alloys at 

high temperatures. The TiC inclusions are usually found in the NiTiZr alloys after a VIM processing due to 

using of a carbon crucible during a melting process. Presence of these inclusions in the NiTi alloys strongly 

reduced their corrosion resistance [12, 13]. In the case of oxide inclusions (i.e. Ti2NixOy), Liang and Huang [14] 

found that their presences are the main reason for pitting corrosion. For a production of the NiTiZr alloys, the 

most frequently used methods in industry are arc and induction melting processes in vacuum [6 - 14]. 

Among non-contaminating melting methods, plasma arc melting represents one of the most important success 

in the field of high quality alloy production lasting more than three decades. Argon is used as a plasma gas. 

Because of the high reactivity between titanium and oxygen, there are high demands on the purity of argon. It 

is a decisive factor for obtaining of a quality alloy. The plasma temperature of this melting process is 4800 °C. 

Advantages of plasma furnaces include: 

• in comparison with arc furnaces, plasma furnaces avoid to pollution of the melted material with graphite 
from the used electrodes and using of an inert atmosphere prevents alloy from gasification; 

• the possibility of creating low-temperature plasma from any mixture of gasses and thus the possibility 
of using an oxidative, reductive, inert atmosphere; 

• the possibility of degassing of a metal, because a partial pressures of gasses contained in the prepared 
materials are very low in the inert gas; 

• plasma burners can achieve high and easily controllable temperatures; 
• almost hundred percent use of alloying additives due to using of the inert atmosphere in the melting 

space.  

Industrial plasma arc furnaces are used for production of reactive, refractory metals and superalloys with high 

melting points for more than twenty years, as is shown in [7, 11]. 

2. EXPERIMENT 

NiTiZr alloys with nominal composition Ni-35Ti-15Zr and Ni-45Ti-5Zr (at.%) were prepared by plasma 

metallurgy. The melting was carried out under an atmosphere of argon (purity 4N6), electric current and voltage 

were at I = 725 A and U = 63 V. Therefore, the power consumption of the plasma furnace was P = 46 kW. 

Each of the two boats placed in a cooled water crystallizer was melted four times for homogenity in the ingot 

axis under plasma torch. The final castings were ingot shaped. These ingots were then cut by a diagonal cut 

on a MIKRON 110 saw blade. A sample of the centre was taken from each ingot. The cut samples were 

pressed into phenol resin with graphite fibers. This operation was carried out on the device MTH Standart 30. 

It was followed by grinding and polishing. The samples were ground by MTH Kompakt 1031 using abrasive 

paper from SiC (grain 180, 220, 400, 600, 800, 1000, 1200, 1500). Finally, on the same machine, the polishing 

of samples was carried out using a billiard cloth and aluminium (Al2O3) suspension with average grain size of 

1 µm and 0.3 µm.  

The microstructure was etched with etchant containing 10 g CuSO4‧5H2O + 50 ml H2SO4 + 50 ml H2O + 50 

ml CH3OH. The microstructure of the samples was then observed on the inversion metallographic microscope 

Olympus GX51 equipped with the DP12 digital camera and the Analysis FIVE software. The equipment has 

been photographed on the microstructure. For the determination of the chemical composition, a QUANTA FEG 

450 scanning electron microscope (SEM) equipped with an APOLLO X probe was used. EDS analysis was 

perform on this equipment and photographic documentation of samples of both NiTiZr alloys was taken here. 

At the last stage, gas and interstitial elements were measured in these two alloys. 
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3. RESULTS  

Observing the effect of the composition on the material structure of the NiTiZr - based alloy ingots, the structure 

was found to be largely inhomogenous. This inhomogeneity is associated with the own nature of plasma 

melting, when on the one side the process takes place at very high temperatures and, on the other side, the 

alloy is intensively cooled. The microstructure of both alloys was first documented by optical microscopy, but 

the inappropriately chosen etchant only led to etching of zirconium rich phases without any effect on grain 

boundary visibility (Figures 1, 2).The structure of both samples was clearly polycrystalline. Due to the fact that 

etching was not fully successful, etchings containing 26 ml of glycerol, 6 ml of concentrated HNO3, 1 ml of 

concentrated HF and inaqueous solution of HF + HNO3 will be used according to the work of Carl et al., Katona 

et al. [15, 16]. 

  

Figure 1 Optical micrographic microstructure of 

etched Ni-45Ti-5Zr alloy 

Figure 2 Optical micrographic microstructure of  

etched Ni-35Ti-15Zr alloy 

For better observation and determination of individual phases, we used electron microscopy (Figures 3, 4). 

  

Figure 3 SEM micrograph of Ni-45Ti-5Zr alloy: 1,2) 

(Ti, Zr)Ni phase; 3) Ni10Zr7+NiTi+Ni3Ti phase; 4) TiC 

phase; 

Figure 4 SEM micrograph of Ni-35Ti-15Zr alloy: 1, 2) 

(Ti, Zr)Ni phase; 3) Ni10Zr7+NiTi+Ni3Ti phase; 4) ZrO2 

type phase 
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Table 2 EDS analysis of Ni-45Ti-5Zr alloy 

Ni-45Ti-5Zr -area and spot EDS analysis (at.%) 

 Ni Ti Zr C 

area 53.51 ± 0.16 41.85 ± 0.26 4.64 ± 0.13  

spot 1 53.53± 0.10 43.10 ± 0.40 3.37 ± 0.30  

spot 2 55.47 ± 0.11 31.31 ± 0.40 13.23 ± 0.29  

spot 3 59.07 ± 0.63 21.87 ± 2.64 19.06 ± 2.02  

spot 4 5.35 ± 0.85 46.65 ± 1.22 3.12 ± 0.09 44.88 ± 0.45 

Table 3 EDS analysis of Ni-35Ti-15Zr alloy 

Ni-35Ti-15Zr -area and spot EDS analysis (at.%) 

 Ni Ti Zr O2 

area 54.35 ± 0,40 32.01 ± 0,15 13.64 ± 0,27  

spot 1 54.12± 0.19 35.06 ± 0.20 10.82 ± 0.41  

spot 2 55.52 ± 0.08 28.76 ± 0.68 15.72 ± 0.60  

spot 3 60.45 ± 0.02 17.28 ± 0.05 22.27 ± 0.09  

spot 4 6.20 ± 0.80 4.90 ± 0.80 21.74 ± 1.12 67.16 ± 0.48 

Using SEM microscopy, it has been found that the grains in the selected alloys are made from dendrites of (Ti, 

Zr)Ni phase. However the interdendritic space was rich on zirconium, possibility containing unwanted elements 
in the form of TiC carbides, ZrO2 oxides (Table 1, spot 3 and Table 2, spot 4). Mentioned unwanted elements 

arise due to the chosen preparation technology combined with high melting temperatures. 

An EDS analysis was performed to determine the chemical composition of the area and individual phases of 
the investigated alloys (Tables 1, 2). From the analysis of the area it is possible to say, that the nominal 

composition was observed. Compared with the ternary diagram [17, 18] and works by Hsieh et al. [19], it can 

be argued, that the gray matrix (spot 1) for both alloys samples correspond to the phase (Ti, Zr)Ni. The light 

gray phases (spot 2), also occurring in the both alloys, represent again the (Ti, Zr)Ni phase according to [19]. 

Since the white phases (spot 3 for Ni-45Ti-5Zr and Ni-35Ti-15Zr) are in the ternary diagram in an area, that is 

not experimentally explored, the ternary diagram calculated using the CALPHAD method [18] was used for 

these phases. It follows, that these phases are found in three phase area with the composition 

Ni10Zr7+NiTi+Ni3Ti.If it goes of the dark phase (spot 4) in the alloy Ni-45Ti-5Zr, it is the TiC carbide phase. 

Similarly, the gray phase (spot 4) in alloy Ni-35Ti-15Zr is the inclusion of ZrO2 type.  

Since some phases of the selected alloys have not been uniquely determinated, it is planned for the future, 

subjecting these phases to a more detailed examination. X-ray diffraction analysis or TEM microscopy will be 

used for the future experiments. 

Since titanium is a significant picker, the contents of the gases (oxygen) and interstitial elements (carbon) have 
been monitored in ingot samples of both alloys (Table 3). 

Table 4 Content of carbon and oxygen in investigated alloys 

Alloy C (wt.%) O2 (wt. %) 

Ni-45Ti-5Zr 0.0129 0.115 

Ni-35Ti-15Zr 0.0122 0.103 
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Compared to ASTM F2063 - 00 [20], which states that the minimum of oxygen levels in industry can be  

O2 <0.05 wt.%, we can state, that the chosen methodology of preparation - plasma metallurgy failed to fully 

prevent the oxidation of alloys even if the process was carried out in a protective atmosphere of argon purity 

of 4N6. Tuissi et al. [11], however, had in their work the value of oxygen in the standard. It is shown that the 

reason for the increased oxygen content in NiTiZr alloys is the higher the amount of oxygen contained in the 

starting metals, any leakage in the furnace armature. Conversely, the carbon values according to [20]  

(C < 0.07 wt.%) remained in the standard.  

4.  CONCLUSION 

This work deals with NiTiZr - based alloys with nominal composition Ni-45Ti-5Zr and Ni-35Ti-15Zr (at.%), which 

with their composition occur at the edge of known area in ternary diagram. Due to their lucrative nature in the 

field of industry, these alloys have been extensively studied in recent years. The alloys were made using 

plasma metallurgy, where homogenization was sought. As this operation has become unsuccessful, in the 

near future, it plans to remelt these ingots with VIM technology (vacuum induction melting) to guarantee 

homogenity. The study of structure, which was performed by SEM microscopy and EDS analysis, indicates 

that the grains in selected alloys form dendrites rich on (Ti, Zr)Ni phase. Interdendritic space is on the other 

hand rich on zirconium, possibility including TiC or ZrO2 inclusions. Since titanium is a significant picker, carbon 

and oxygen measurements have been performed on alloys. From the results it can be stated, that plasma 

metallurgy failed to fully prevent oxidation of alloys. Oxygen values in alloys exceeded the permitted industrial 

values (O2 < 0.05 wt.%) roughly twice (Ni-45Ti-5Zr O2 = 0.115 wt.% a Ni-35Ti-15Zr O2 = 0.103 wt.%). The 

carbon content values remained in the alloys in the standard. Since EDS analysis is not fully sufficient with 

respect to the determination of the phase in alloys, its planned to subject these alloys X-ray diffraction analysis 

or TEM microscopy. 
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Abstract 

In this paper the effect of grain size and gadolinium content on mechanical properties was studied. The Mg-

Gd binary alloy with broad range of Gd concentrations (0.4 to 4.2 wt.%) and grain size (15 to 500 µm) were 

used. Concurrent measurement of acoustic emission was used to better understand deformation mechanisms. 

The Hall-Petch parameters for Mg15Gd alloy were measured. Significant differences between the alloys were 

observed. The twin growth is most pronounced in Mg04Gd alloy, Mg15Gd exhibits generally lower twinning 

activity and Mg42Gd alloy exhibits limited twin growth and nucleation of many thin twins. 

Keywords: Magnesium, acoustic emission, mechanical testing, twinning 

1. INTRODUCTION 

Pure magnesium has very low yield stress and it is not suitable for engineering applications. However,  

it properties can be significantly improved by alloying. Improvement of strength, elastic modulus, ductility, 

corrosion resistance or creep resistance was reported in [1]. The influence of solute atoms on plastic 

deformation is caused by their interaction with the dislocations and twins. It is well known that the (0001)〈11

0〉 basal slip and {10 2} extension twinning requires the lowest activation stress at room temperature. The 

further deformation systems, as {10 0}〈11 0〉  prismatic and {11 2}〈11 3〉 second-order pyramidal slip or 

{10 1} compression twinning generally requires either higher applied stress and/or elevated temperatures to 

be activated. 

The addition of alloying elements influences each deformation mechanism separately, for example there is a 

general agreement that addition of Al and Zn increases the critical resolved shear stress (CRSS) for basal slip 

and concurrently decreases that for prismatic slip [2, 3]. The influence of alloying elements on twinning 

nucleation and growth vary a lot as well. The experimental work suggests that Zn has no effect on the stress 

required to propagate a twin [4] while Al increases the CRSS for twin nucleation and growth [5]. The change 

of active twinning systems was also reported as a result of alloying [6]. In last few years the alloying by rare-

earth elements has been studied since they improve the mechanical properties of magnesium alloys 

significantly. 

The acoustic emission (AE) has been found as a powerful non-destructive technique for study of deformation 

mechanisms. It gives information from entire volume about the dynamic processes during plastic deformation. 

The signal can be divided into two types - burst and continuous emission. Burst emission has the 

characteristics of the individual pulses, which can be detected from the background noise and separated from 

each other. If there are no characteristic individual pulses, it is called continuous emission. AE response during 

the mechanical loading of magnesium alloys usually consist of the combination of continuous (e.g. from 

dislocation movement) and burst emission (e.g. twinning) [7, 8] 

The main sources of AE in magnesium is twin nucleation and dislocation slip. The released energy during the 

twin nucleation is generally higher than for the dislocation slip. The classic approach of measurement and 

evaluation of AE data, so called hit-based processing, is based on setting parameters, which define the AE 

2
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event (threshold level, hit definition time, …). The system saves the parameters of the AE event (amplitude, 
duration, counts, energy, frequency, …) (Figure 1). In materials science, this approach can be successfully 

applied for general characterization, when the main goal is the investigation of the influence of the experimental 

and material parameters on the deformation behavior (e.g. [9, 10]). Another possibility is to record the whole 

AE dataset and do the signal post processing. Advantage of this approach is that it is possible to evaluate the 

data with different threshold levels and separate to strong signals.  

 

Figure 1 Parametrization of AE signal 

2. MATERIAL AND EXPERIMENTAL METHODS 

Binary Mg-0.4 at.% Gd, Mg-1.5 at.% Gd, and Mg-4.2 at.% Al (further referred as Mg04Gd, Mg15Gd and 

Mg42Gd) were used for the experiments. The samples were prepared with various grain size from 15 μm to 
500 μm (Figure 2). The microstructure of the samples was examined by the optical microscopy and scanning 

electron microscopy using the Quanta FEG microscope. The samples were polished by standard methods 

down to 0.25 μm.  

     

Figure 2/1 Examples of the initial microstructure a,b) Mg04Gd, c)Mg15Gd, d)Mg42Gd with various grain size 

 b)  a) 
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Figure 2/2 Examples of the initial microstructure a,b) Mg04Gd, c)Mg15Gd, d)Mg42Gd with various grain size 

Mechanical properties were investigated by compression deformation tests performed by INSTRON 5882 

deformation machine with concurrent acquisition of acoustic emission (AE). The samples had a rectangular 

profile 6x6x10mm3 and the strain rate was 10-3 s-1. The AE was monitored using a computer controlled PCI-2 

device (Physical Acoustic Corporation). The threshold level of detection was set as 24 dB, just above the 

background noise. A PICO piezoelectric transducer, manufactured by Physical Acoustic Corporation, with a 

flat response between 50 and 650 kHz was mounted on the outside gauge length. 

3. RESULTS 

3.1. Grain size 

The Mg15Gd alloy was selected to compare the samples with different grain sizes. The deformation curves of 
Mg15Gd alloys with AE response are shown at the Figure 3 and the yield stresses and maximal stresses are 

in Table 1. The yield stress is increasing with decreasing grain size fulfilling the Hall-Petch equation: 

σ0.2 = σo + k/√d with parameters σo = 76±6 MPa and k = 0.26±0.05 MPa m-½. Similar trend is observed with the 

shift of the maximum of AE amplitude to the higher stresses. Another effect is the decrease of the AE amplitude 

with decreasing grain size. AE energy released during the nucleation of twins is proportional to the size of 

nucleated twin [11] and the higher grain size allows to form larger twins.  

        

Figure 3 Deformation curves with the AE count rate and amplitude 

 d)  c) 
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Table 1 Yield stress and maximal stress for Mg15Gd binary alloys with different grain size 

430 μm 120 μm 35 μm 

σ0.2 (MPa) σmax (MPa) σ0.2 (MPa) σmax (MPa) σ0.2 (MPa) σmax (MPa) 

86 180 103 251 118 262 

3.2. Gd concentration 

The samples with the grain size of about 150 μm were selected for investigating of the influence of Gd 
concentration (Mg04Gd - 188 μm, Mg15Gd - 120 μm, Mg42Gd - 156 μm). The deformation curves with AE 
response are shown at the Figure 4. The increasing Gd content causes the increase of yield stress and 

decrease of ductility. The difference in the maximal amplitude of AE events is negligible but it is shifted towards 

higher stresses as a result of higher critical stress for twin nucleation. The Mg04Gd and Mg15Gd exhibits 

similar evolution of AE. They have a distinct peak around the yield point followed by the rapid drop of AE above 

it whilst the decrease of AE after the yield point is much lower for Mg42Gd. The growth of twins is hindered by 

solute atoms and nucleation of new twins is necessary for plastic deformation.  

        

Figure 4 Deformation curves with the AE count rate and amplitude 

The microstructure of deformed samples confirms that (Figure 5). Mg04Gd exhibits smaller number of large 

twins. The Mg15Gd samples show lower twinning activity, which is consistent with the lower AE activity. Many 

thin twins can be observed in the deformed microstructure of Mg42Gd samples which is consistent with the 

wide peak of AE. 

    

Figure 5/1 Microstructure of a, b) Mg04Gd, c, d) Mg15Gd, d) Mg42Gd samples deformed in compression to 

2% plastic strain and up to the fracture. 

 a)  b) 
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Figure 5/2 Microstructure of a, b) Mg04Gd, c, d) Mg15Gd, d) Mg42Gd samples deformed in compression to 

2% plastic strain and up to the fracture. 

4. CONCLUSION 

We measured the Hall-Petch constants of Mg15Gd alloy by deforming samples with different grain sizes. The 
parameters are σo = 76±6 MPa and k = 0.26±0.05 MPa m-½. 

The increasing Gd content increases the stress necessary for twin growth and makes the dislocation slip more 

difficult, as a result the flow stress increases with increasing Gd content. Combination of AE and optical 

microscopy is suitable for characterization of deformation precesses in Mg-Gd alloys 
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Abstract   

In the present study, commercial pure titanium (Grade 2) was joined to the stainless steel (X5CrNi18-10) by 

diffusion bonding using different intermediate materials like aluminum, copper and nickel. The thickness of 

those filler metals were 100 μm. The use of intermediate materials to create diffusion bond minimize thermal 

expansion mismatch, to reduce joining temperature and pressure and to inhibit diffusion of undesired elements 

to the base materials. However it also can cause formation of numbers of intermetallic phases. The 

investigation was focused on comparing the wear resistance of the obtained diffusion joints. The microstructure 

of the joints was investigated using scanning electron microscopy equipped with an energy dispersive X-ray 

system (EDS) to determine chemical composition of joint. The structures of the joints varied importantly 

depending on the interlayer. However in the samples obtained by nickel interlayer at the borders of materials 

were observed Kirkendall voids. Value of friction force and wear resistance of diffusion bonded joints were 

carried out by block-on-ring frictional pair, preformed on the tribological tester T-05. The study was carried out 

under conditions of technically dry friction for the concentrated sliding contact loaded with 300 N. Friction 

distance for each test was 400 m. The results show that the maximum values of friction coefficient and mass 

loss was obtained for joints with nickel interlayer. 

Keywords: Wear resistance, microstructure, diffusion bonding, titanium, stainless steel 

1. INTRODUCTION 

Due to the excellent anti-corrosive properties, high strength to weight ratio, good fatigue properties and 

satisfactory strength properties, titanium and its alloys have been widely used in sports tool manufacturing, 

chemical, food, biomedical and aerospace industries [1, 2]. Also titanium is the most suitable material in reactor 

reprocessing plants for fabricating components like dissolver and evaporator in nuclear industry, where high 

concentration of nitric acid and high temperatures are involved [3]. Austenitic stainless steels are widely 

employed in nuclear reactors, biomedical implants, machinery for chemical and food processing industries. In 

nuclear industries, engineering components namely control rod actuator mechanisms and valves are made of 

stainless steel [4, 5]. Because titanium (Ti) and stainless steel (SS) are mostly used in the same industries, 

where good mechanical properties as well as high corrosion resistance are required, there is a strong indication 

to bonding these materials together. In addition, joining Ti with SS allows reduce the cost of production, 

because stainless steel is much cheaper than titanium [6]. The most appropriate way to joint materials with 

extremely different physical and mechanical properties is solid state diffusion bonding with use of metal 

interlayer [7]. The use of intermediate materials to create diffusion bond minimize thermal expansion mismatch, 

reduce joining temperature and pressure, inhibit diffusion of undesired elements to the base materials. 

However it also can cause formation of numbers of intermetallic phases [8]. These phases are not beneficial 

in terms of joint strength, however, as a result of their formation, the hardness in the joint area will increase 

significantly which may translate into an increase in wear resistance [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 
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parameters for solid state diffusion bonding and aluminum has certain erosion resistance and excellent 

plasticity [10]. 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 [11]. Among these materials 

copper is the most useful metal because it does not form any intermetallic phases with iron (as does aluminum 

and nickel) [12]. Eroglu et al. [13] reported that Cu-Ti base intermetallic phases have higher plasticity than the 

Fe-Ti base intermetallics. The purpose of this research was to investigate if the different intermediate materials 

in diffusion joints between titanium and stainless steel affect the change in the friction coefficient and the overall 

mass loss of the bonded samples. 

2. EXPERIMENTAL PROCEDURE 

The base materials used for 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 compositions at room temperature of these 
materials are 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 20 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. 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 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. Then the samples were cut to the dimensions according to the 

ASTM standard G77. Friction and wear tests were carried out on T05 tribological tester with the frictional pair: 

“block-on-ring”. Frictional and wear tests were carried out with the following parameters: contact type: 

concentrated linear contact; ring width: 6.35 mm; ring diameter: 35 mm; type of movement: sliding, rotating; 

rotational speed of the ring 218 rot./s; load force: 300 N; friction distance: 400 m; lubrication: none. The counter 

specimens wear made of steel with hardness of HRC 63. Each sample was tested using a new counter 

specimen. The samples were observed in a light microscope Nikon Eclipse MA200 to to examine the wear 

tracks and profile of worn surface. The weight loss during the wear test was measured with using analytical 

balance Radwag AS 160 / X. 
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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)  and 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 

as a filler metal resulted 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 

wear track in the middle section of the joint achieved by aluminum interlayer was wider than those in base 
materials of the joint (Figure 2). This was due to the fact that the Al interlayer was not entirely consumed 

during the formation of the joints between based materials and aluminum interface. In that case pure aluminum 

which was used to create joints is much more softer then steel counter specimen and base materials. As 
shown in the Figure 2 the area between the titanium and copper interlayer is less worn then at the stainless 

steel area. This could indicate that the Fe2Ti intermetallic phase start to crumbled during the friction test, it also 

seems to confirm that Cu-Ti base intermetallic phases have higher plasticity than the Fe-Ti base intermetallics 

as shown in the article [13]. In the case of a joint obtained with a nickel intermediate material, it is clearly visible 

that in the middle section of the joint a part of the interlayer was torn out as well as in the border area between 

stainless steel and nickel interlayer was created ditch. 
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Figure 2 Optical micrographs of the wear tracks and profile of worn surface after a sliding distance of 400 m 

for the diffusion bonded joints between titanium and stainless steel obtained by different metal interlayer a), 

b) for Al interlayer, c), d) for Cu interlayer and e), f) for Ni interlayer. 

It could have been caused by Kirkendall voids present in area between base materials and interlayer. The 

results of the wear test on the tribological tester T-05 are shown as a chart of friction coefficient (COF) as a 
function of sliding distance on the Figure 3. The average values of friction coefficient vs. frictional distance 

were determined on the basis of measurements of frictional and loading forces according to the Amontons- 

Coulomb law. The COF for the joint achieved by nickel interlayer exhibited significant fluctuations which may 

due to the chipped off the parts of middle section of the joint where intermetallic phases have been identified 

(Ti2Ni, TiNi, TiNi3). That can explain the highest value of friction coefficient among the investigated joints. The 

average value for diffusion bonded joints obtained by nickel intermediate material was 0.69. The friction 

coefficient for Ti(Cu)SS joints exhibits a quick increase during the first 25 meters of sliding distance followed 

by a decrease until it reaches a steady value close to the average value (0.47) for this sample. That can explain 

the highest value of friction coefficient among the investigated joints. 
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Figure 3 Change of friction coefficient in the function of sliding distance 

The average value for diffusion bonded joints obtained by nickel intermediate material was 0.69. The friction 

coefficient for Ti(Cu)SS joints exhibits a quick increase during the first 25 meters of sliding distance followed 

by a decrease until it reaches a steady value close to the average value (0.47) for this sample. The evolution 

of the coefficient of friction for this joint looks like a two phase wear. The first stage is caused by the formation 

of wear debris, which probably came from the area between stainless steel and copper interlayer, inducing a 

rise in the coefficient of friction. During the steady state, a low coefficient of friction is measured. It can be 

caused by debris get trapped in the wear track or are all pushed out. In comparison to joints made with the 

participation of copper and nickel, the samples obtained by an aluminum interlayer characterized by the most 

stable and the lowest value of the friction coefficient as the graph indicates. Its average value was 0.26. The 

results of mass loss measurement of the titanium-stainless steel diffusion joints and the corresponding steel 
counter-specimens are presented in Figure 4. 

 

Figure 4 Mass loss of the diffusion bonded joints and their counter-specimens 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1751 

In all the cases, the weight losses of the diffusion bonded joints were greater than the counter samples. The 

highest mass loss (5.3 mg) was obtained for the joints achieved by nickel intermediate material. Such a result 

could be due to fact that the middle section of the joint where the intermetallic phases have been identified, 

start to crumble during the wear test and those particles of additional materials could act as an abrasive 

material as an addiction to the steel counter specimen. This also can explain the negligible mass loss on the 

counter specimen matching with sample made by nickel interlayer. The mass loss in the remaining frictional 

couples were similar, however the lowest mass loss (2.5 mg) was noted for the sample made with the 

participation of aluminum. 

4. CONCLUSIONS 

The aim of this investigation was to check if the used of different metals as a bonding phase in diffusion joints 

between titanium and stainless steel will affect the degree of wear and friction coefficient. As a result shows, 

the coefficient of friction and mass loss obtained different values for individual samples even though the 

intermediate materials have a thickness of 100 µm. The highest value of friction coefficient (0.69) and weight 

loss (5.3 mg) were noted for joints prepared by nickel interlayer. Such a result could be due to fact that the 

middle section of the joint where the intermetallic phases have been identified, start to crumble during the wear 

test and could act as an abrasive material causing an increase in the coefficient of friction and weight loss. 

The difference between the weight loss of samples made by aluminum and copper interlayer was small. 

However, there was a large difference between coefficient of friction for these samples. This could indicate 

that the Fe2Ti intermetallic phase in the diffusion joints made by copper interlayer start to crumbled during the 

friction test and get trapped in the wear track of steel ring causing the coefficient value to increase for this 

sample. The lowest weight loss (2.5 mg) and friction coefficient (0.26) was noted for joints with aluminum 

spacer. This could indicate that the diffusion bonded joints between titanium and stainless steel obtained by 

aluminum interlayer has the best exploitation properties among investigated joints. 
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Abstract  

Magnesium alloyed with 0.3 wt.% Zr was processed by extrusion followed by equal channel angular pressing 

(ECAP) for 1, 2, 4 and 8 passes. The material was characterized using microhardness measurements, 

compression tests and electron backscatter diffraction (EBSD). Coarse microstructure after extrusion was 

significantly refined. Microstructure after 1 and 2 ECAP passes was bi-modal and become homogeneous with 

average grain sizes ~2 μm after 4 ECAP passes. Zr addition was found to be critical for retaining refined 

microstructure. The highest microhardness was measured in the samples after 2 and 4 ECAP passes. Similar 

evolution was found for yield compression stress measured in normal direction. On the other hand, values of 

yield strength measured in extrusion direction were saturated in the samples after 2, 4 and 8 ECAP passes. 

Processing by ECAP led to significant microstructural refinement and substantial increase in strength. 

Keywords: Magnesium alloys, ultrafine-grained materials, equal channel angular pressing, electron  

            backscatter diffraction 

1. INTRODUCTION  

Severe plastic deformation (SPD) techniques are attractive and useful because they lead to very significant 

grain refinement to the submicrometer or nanometer level [1] and consequently the reduction of grain size 

results in changes in mechanical and other properties. Ultrafine-grained (UFG) materials processed by SPD 

techniques often show better mechanical properties in comparison with their coarse-grained counterparts. The 

most frequently used current techniques of SPD are equal channel angular pressing (ECAP) [1 - 4], high 

pressure torsion (HPT) [5 - 8], accumulative roll-bonding (ARB) [9], twist extrusion [10] or multi-directional 

forging [11]. ECAP proved to be capable of improving mechanical properties of advanced Mg-based alloys 

[12]. 

Magnesium has closed packed hexagonal crystal structure with parameters a = 0.320 nm, c = 0.520 nm and 

an axial ratio c/a = 1.624. Limited formability of hexagonal metals causes difficulties during SPD processes 

and requires precise optimization of processing conditions [13]. Temperature is one of the most important 

parameters [14]. At room temperature, the basal slip is mostly activated in magnesium [15]. Because of fewer 

number of slip systems in hexagonal closed packed lattice, basal slip does not offer five independent slip 

systems which are required for uniform deformation according to von-Mises criterion [16]. The deformation 

twinning provides additional independent deformation mode at room temperature. At elevated temperatures, 

the critical shear stresses for prismatic and pyramidal slip systems reduce significantly and the twinning 

contribution becomes less crucial [17, 18].  

Alloying of Zr in magnesium results in stabilization of grain boundaries, which is critical for applications of fine-

grained material at elevated temperatures. The maximum solubility of Zr in cast Mg is ~3.8 wt. % at the 

temperature 654 °C. From room temperature to approximately 573 K although higher solubility may be 

achieved using other processing techniques such as physical vapour deposition [19]. The alloy used in the 

present experiments is therefore on the limit of solubility and contains only very small amount α-Zr phases. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1754 

Magnesium with 0.6 % Zr was successfully processed by extrusion and 1 pass of ECAP to achieve very fine 

microstructure (~1 µm) and superplastic ductility [20]. 

The objective of this work is to investigate microstructure and mechanical properties of UFG magnesium 

alloyed with 0.3 wt.% Zr processed by extrusion (EX) and subsequently by ECAP. 

2. EXPERIMENTAL MATERIAL AND PROCEDURES 

Magnesium with Zr alloying element (0.3 wt.%) was used in this investigation. The extruded material was 

prepared from as-cast state by extrusion at 400 °C with the extrusion ratio of 30. The ECAP conditions needed 

to be optimized to obtain compact specimens without surface cracking. These optimal conditions were found: 

pressing temperature of 185-230 °C, pressing speed of 5-10 mm·min-1, MoSi lubricant. The billets with 

dimensions of 10 × 10 × 100 mm3 were ECAPed through a 90° die via route BC [21] for various numbers of 

passes. 

Microstructure was investigated using electron backscatter diffraction (EBSD) in scanning electron microscope 

FEI Quanta. Mechanical properties were studied using Vickers microhardness (HV0.1) measurements and 

compressive tests.  

3. RESULTS AND DISCUSSION  

3.1. Microstructure  

Microstructure of magnesium with Zr was investigated on the plane perpendicular to the direction of equal 

channel pressing (it is also perpendicular to the extrusion direction) using EBSD and the results are shown in 

Figure 1. In the case of material processed by extrusion and 1 pass of ECAP, the structure is not 

homogeneous and can be referred to as bimodal. It consists of large (~20 -70 μm) and small (~2 μm) grains. 

Microstructure of the sample after 2 ECAP shows further fragmentation of microstructure. The overall fraction 

of large grains significantly decreased and the microstructure consists of a lot of small grains (~2 μm) and 

same larger grains. After 4 ECAP passes, almost all large grains were refined and only few remnants of larger 

grains are observed on the large scan (Figure 1c). After 8 passes, sample has very homogeneous 

microstructure with the grain size of ~ 2 μm. Note that the size of small grains almost does not change with 

increasing number of ECAP passes.  

Microstructure can be characterized by average grain sizes and fractions of high- and low-angle grain 

boundaries (HAGB, LAGB). The results are summarized in Table 1. Average grain sizes of the samples after 

4 and 8 ECAP passes are ~2 μm. The fraction of HAGB is high (80 %) already after the first ECAP pass and 

is even higher after 8 passes (91 %). This very fine-grained microstructure is caused by zirconium which 

stabilizes grain boundaries so it is very good grain refiner [22]. ECAP processing of pure magnesium (with no 

Zr addition) leads to much coarser microstructure [23 - 26].  

Processing by ECAP at elevated temperatures is a dynamic phenomenon. Severe deformation induces large 

deformation into the material and is responsible for substantial formation of dislocations. Thermally activated 

processes such as recovery and continuous and discontinuous recrystallization occur. It is believed that fine 

grained structure after one or two ECAP passes is formed mainly by discontinuous recrystallization. New fine 

grains are formed at stress concentrations (namely original grain boundaries) [27, 28]. 

After 4 or more ECAP passes microstructure is homogeneous and consists of small grains only. Grain size 

saturates as the result of balance between deformation induced by ECAP and recovery and recrystallization 

processes. Hindering of grain boundary migration is therefore critical for achieving very fine microstructures. 

In simple Mg-0.3Zr binary alloy, Zr atoms reduce grain boundary mobility due to grain boundary segregation 

[20].   
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a) b) 

  
c) d) 

Figure 1 Inverse pole figure maps of MgZr alloy processed by a) extrusion and 1 pass of ECAP, b) extrusion 

and 2 passes of ECAP, c) extrusion and 4 pass of ECAP and d) extrusion and 8 pass of ECAP 

Table 1 Average grain sizes and fraction of high-angle grain boundaries (HAGB, misorientation angle > 15°)  

             and low-angle grain boundaries (LAGB, 5° < misorientation angle <15°) measured from EBSD 

Sample Average grain sizes Fraction of HAGB Fraction of LAGB 

1P Bimodal microstructure (~20 - 70 µm and ~2 µm) 0.80 0.20 

2P Bimodal microstructure (~20 µm and ~2 µm) 0.80 0.20 

4P (1.8 ± 1.1) µm 0.82 0.18 

8P (2.1 ± 1.3) µm 0.91 0.09 
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3.2. Mechanical properties  

Mechanical properties were studied by microhardness measurements and compression tests. Microhardness 

was measured in the plane perpendicular to the extrusion direction using Vickers hardness method (100 g, 

10 s) and the results are summarized in Table 2. At least 100 experimental points were measured in each 

specimen. Microhardness values increase from 37 HV (extruded) to 47 HV in the sample after 2 and 4 ECAP 

passes. Microhardness of the specimen after 8 passes is slightly lower, but the difference is not significant. 

Results of the compression tests are summarized in Table 3. Yield strength σ0.2 measured in normal direction 

increase with deformation up to 4 ECAP passes, while yield strength measured in extrusion direction saturates 

at 130 MPa after 2 ECAP passes. Mechanical properties of deformed materials depend mainly on grain size, 

dislocation density and texture. Typical grain sizes can be inferred from EBSD orientation maps. Despite 

dislocation density was not yet studied for this alloy, we can rely on previous results for low-alloyed magnesium 

alloys [23] - dislocation density tends to increases rapidly up to 2 ECAP passes, then decreases with increasing 

number of additional passes and eventually saturates. This is explained by the decreasing grain size and 

reduced length scale for dislocation annihilation [29, 30]. Evolution of grain size and assumed evolution of 

dislocation density accounts for increase in hardness and strength with induced deformation up to two ECAP 

passes. 

Table 2 Results of the microhardness measurements (Vickers method, 100 g, 10 s) 

Sample Microhardness HV0.1 

Extr. 37.4 ± 2.5 

1P 43.8 ± 2.6 

2P 47.2 ± 1.6 

4P 47.2 ± 2.1 

8P 44.5 ± 2.1 

Table 3 Results of the compression tests: yield strength σ0.2 measured in two directions - in extrusion  

   direction (ED) and in direction perpendicular to the extruded direction - normal direction (ND) 

Sample ND ED 

Extr. - 55 MPa 

1P 114 MPa 116 MPa 

2P 137 MPa 131 MPa 

4P 140 MPa 128 MPa 

8P 105 MPa 130 MPa 

4. CONCLUSION 

This research focused on microstructure and mechanical properties of magnesium with 0.3 wt.% Zr. Studied 

alloy was extruded and processed by ECAP. Microstructure was first bimodal (after 1 and 2 ECAP pass) and 

then homogeneous and fine-grained with average grain sizes ~2 μm. Fraction of HAGBs was very high (91 %) 

after 8 ECAP passes. The highest microhardness was measured in the samples after 2 and 4 ECAP passes. 

Similar evolution was found for yield compression stress measured in normal direction. On the other hand, 

values of yield strength measured in extrusion direction were saturated in the samples after 2, 4 and 8 ECAP 

passes.  
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Abstract 

Aluminum alloys show a high strength-to-weight ratio and a relatively good corrosion resistance making them 

prospective structural materials in many fields. In material standards of commercial Al alloys, chemical 

composition is always defined as concentration ranges of alloying elements and impurities. In some cases, 

concentration ranges allowed within one material grade are relatively wide. It can be expected that mechanical 

and corrosion properties of one material grade are also variable that can be problematic in some applications. 

Three commercial aluminum casting alloys (AlSi5Cu4Zn, AlSi9Cu3Fe, AlSi10MgMn) with chemical composition 

on the lowest and highest content of alloying elements prescribed by their material standards were studied. 

Microstructure, selected mechanical properties (hardness, tensile testing) and corrosion resistance (short-term 

exposure AUDI test) were determined. The properties of the alloys were tested in as-cast state and after their 

recommended heat treatment. The significant influence of chemical composition on the properties of aluminum 

alloys was found. 

Keywords: Aluminum alloys, mechanical properties, material standards, heat treatment, corrosion test 

1. INTRODUCTION 

Material standards of commercial alloys are basic documents for casting producers as well as for their 

customers. Keeping the prescribed chemical composition of alloys should be the basis for achieving their 

constant and reproducible properties. Material standards, however, in many cases tolerate contents of alloying 

elements or impurities within a relatively wide range, which can lead to very significant differences in 

mechanical properties of alloys. In the past, the range of alloying elements in the alloy was justified by analytical 

methods at that time, which did not allow us to obtain immediately the results of the melt composition during 

its preparation. At present, spectral methods allow the melt composition to obtain in the order of several tens 

of seconds, allowing the manufacturer practically immediately to adjust the chemical composition of the alloy 

as needed [1]. At present, therefore, there is no longer a rational reason to tolerate such a wide range of 

alloying elements in alloys if we neglect the tendency of some alloy producers to keep the contents of more 

expensive alloying elements at their minimum values in order to save money. For illustration, the minimal and 

maximal contents of alloying elements and the differences of these values for selected frequently used 

aluminum alloys are in the Table 1. It shows that for some alloys the difference between the minimum and 

maximum alloying elements contents is about 3%, while in others it is almost 10%. It is clear that these 

differences must necessarily influence the microstructure and properties of these alloys. Differences in alloy 

properties may increase after heat treatment. In the case of these alloys, the highest tolerances are for silicon, 

copper and magnesium. In the case of silicon, its influence on the mechanical properties of the alloy in the as-

cast state or after its heat treatment is not significant, even though the silicon particles have a high tendency 

to coarsening during long-term annealing. The situation in the case of copper and a combination of magnesium 

with silicon is different. Copper is a basic element for increasing the mechanical properties of aluminum alloys. 

It efficiently reinforces the α-Al solid solution already in as-cast state similarly with Mg and Zn.  
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Table 1 Minimum and maximum contents of alloying elements according to material standards in selected 

 aluminum alloys [1]                                            

Alloy - 

Czech    
material 
standard 

Alloy - 

alternative material  

standard 

Composition 

(wt. %) 

Minimal 
content of     
alloying 

elements   
(MIN) (wt. %) 

Maximal 
content of           
alloying 

elements          
(MAX) (wt. %) 

MAX - MIN 
difference 

(wt. %) 

ČSN 42 4357 DIN 1725 Al Si5 Cu4 Zn 7.0 16.2 9.2 

ČSN 42 4384 EN AC 46400 Al Si9 Cu1 Mg 8.8 17.1 8.3 

ČSN 42 4339 DIN 226, EN AB46000 Al Si9 Cu3 Fe 10.2 18 7.8 

ČSN 42 4352 DIN 1725 Al Si11 Cu2 11.7 18.4 6.7 

ČSN 42 4353 EN 1706-98 Al Si6 Cu2 7.5 13.9 6.4 

ČSN 42 4356 AC 47000 Al Si12 Cu 11.8 16.6 4.8 

ČSN 42 4361 A 02130 Al Cu8 Fe Si 8.4 12.5 4.1 

ČSN 42 4332 AC 42000 Al Si7 Mg 6.2 9.9 3.7 

ČSN 42 4315 A 02420 Al Cu4 Ni2 Mg2 6.8 10.1 3.3 

ČSN 42 4331 A 359, EN AC-42100 Al Si10 Mg Mn 9.3 12.5 3.2 

Copper is a key element enabling precipitation hardening in aluminum alloys. Different copper contents in the 

alloy will also result in a significant change in the corrosion resistance of the alloy. The effect of the combination 

of magnesium and silicon is also very important in precipitation hardening. The other alloying elements or 

impurities (Fe, Mn, Ni) form an intermediate phase disturbing the homogeneity of the microstructure, thereby 

reducing the plasticity of the alloy. Morphology changes in some intermediate phases after heat treatment 

were occurred. These microstructure changes can improve the mechanical properties of the alloys [2-5]. 

The aim of this work was to find out how the chemical composition of the alloy within its material standard 

affects its microstructure and other selected properties. 

2. EXPERIMENT 

The differences between the behavior of 3 selected commercial, often used aluminum alloys with chemical 

composition in the lowest and the highest level of alloying elements specified in their material standards are 

documented in this work. Altogether, 6 different alloys were tested. The alloys ČSN 42 4331 [6], ČSN 42 4339 

[7], ČSN 42 4357 [8] were studied. The ČSN 42 4339 alloy is used in die casting technology, the other alloys 

are used for the production of castings for general use. 

The alloys were prepared by melting the components in an electric induction furnace in a protective Ar 

atmosphere. The melt was poured into a massive brass mold. The average rate of cooling at crystallization 

was approximately 10 Ks-1. The castings were then processed by machining and samples were taken to 

observe their microstructure, measure the Brinell hardness with a 2.5 mm diameter WC ball at a load of 62.5 

kg. Uniaxial tensile tests with the samples of 10 mm in diameter were also performed. The chemical 

composition of prepared alloys is in Table 2. The MS in the table indicates the material standard of the alloy. 

L and H are alloys with the minimal or maximal content of alloying elements. The properties of alloys have 

been studied both in the as-cast state and after their recommended heat treatment specified in the relevant 

material standard. All studied alloys were treated by precipitation hardening except the alloy ČSN 42 4339. 

This alloy is only used in the condition after casting under pressure. Therefore, heat treatment of this alloy has 

not been realized in this work. The recommended heat treatment modes of studied alloys are in Table 3.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1761 

Table 2 Chemical composition of prepared alloys (wt.%), MS denotes the composition of the alloy according 

 to its material standard, L and H denotes an alloy with a chemical composition at the lower or upper 

 limit of the material standard 

 Sample Cu Ni Mg Fe Si Ti Zn Mn Sn 

ČSN 42 
4331 

31 MS max. 
0.1 

- 0.2-
0.45 

max. 
0.8 

9-
10.5 

max. 
0.15 

max. 
0.1 

0.1-0.4 - 

31-L 0.01 - 0.18 0.08 8.91 0.01 0.01 0.07 - 

31-H 0.13 - 0.49 0.74 10.61 0.16 0.01 0.34 - 

ČSN 42 
4339 

39 MS 2-3.5 - 0.1-0.5 max. 1 8-11 max. 
0.15 

max. 
1.2 

0.1-0.5 max. 
0.1 

39-L 1.91 - 0.12 0.03 8.11 0.02 0.01 0.11 0.02 

39-H 3.41 - 0.51 1.01 10.82 0.16 1.22 0.44 0.07 

ČSN 42 
4357 

57 MS 3-5 max. 
0.3 

max. 
0.5 

max. 
1.2 

3-6 - 1-2.5 max. 
0.6 

max. 
0.1 

57-L 2.92 0.01 0.01 0.10 2.81 - 1.12 0.01 0.03 

57-H 4.87 0.26 0.53 1.25 6.11 - 2.61 0.58 0.07 

Table 3 Heat treatment modes of studied alloys [1] 

Alloy 
Heat treatment 

Homogenization Artificial ageing 

31-L, 31-H 530°C / 6 h,  ↓ H2O (50°C) 180°C / 8 h,  air 

57-L, 57-H 505°C / 8 h,  ↓ H2O (80°C) 155°C / 4 h,  air 

The microstructure of the prepared alloys was observed by the light microscope Olympus PME 3, the chemical 

composition of the alloys was determined using the optical emission spectrometer GD Profiler 2, the uniaxial 

tensile and pressure tests were performed using the LaborTech 5005 universal testing machine and the Brinell 

hardness measurement on the Heckert WPM hardness machine. The corrosion resistance of the studied alloys 

was evaluated using a simple AUDI exposure test. Cylindrical samples of alloys were exposed to the test 

solution (aqueous solution containing 2.3 wt.% HCl and 1.8 wt.% NaCl) for 2 hours. After the exposure, mass 

and dimensional changes were determined and the corrosion rate was calculated. The depth of penetration of 

the corrosive medium into the sample surface also was determined. 

3. RESULTS AND DISCUSSION 

Microstructure of alloys 

The microstructure of all studied alloys observed by the light microscope is in the Figures 1-3. The 

microstructure of alloys containing alloying elements in the lowest and the highest level of their material 

standards does not differ significantly in a number of alloys. In the case of alloys with a significant difference 

in the iron content at the lowest and the highest limits of their material standard, the dimensional plates of the 

β-AlFeSi phase noticeably disturbing the structural homogeneity of the alloy were observed. Significant 

differences in microstructures at the as-cast state and after recommended heat treatment were shown. A 

common feature is the coarsening of the silicon particles, and some alloys also show signs of the initial stage 

of fragmentation of the intermediate phases containing iron. 
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Figure 1a Microstructure of 31-L alloy - as-cast (left) and after heat treatment (right) 

 

Figure 1b Microstructure of 31-H alloy - as-cast (left) and after heat treatment (right) 

 

Figure 2a Microstructure of 57-L alloy - as-cast (left) and after heat treatment (right) 

 

Figure 2b Microstructure of 57-H alloy - as-cast (left) and after heat treatment (right) 
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Figure 3a  Microstructure of 39-L alloy 
(as-cast) 

Figure 3b  Microstructure of 39-H alloy 
(as-cast) 

Mechanical properties 

Mechanical properties of studied alloys are in the Table 4. 

Table 4 Mechanical properties of alloys (behind the slash there is the standard deviation σn-1). L and H 

denotes an alloy with a chemical composition at the lower or upper limit of the material standard. HT 

indicates the alloy after its recommended heat treatment. YS and UTS denotes the yield strength or 

strength limit of the alloy. 

Alloy 
AlSi10MgMn - 31 AlSi9Cu3Fe - 39 AlSi5Cu4Zn - 57 

L L (HT) H H (HT) L H L L (HT) H H (HT) 

HB 63/3 99/7 85/1 132/9 67/4 105/2 58/1 58/5 108/2 115/6 

YS (MPa) 78/4 145/8 84/7 189/15 82/8 160/11 92/8 149/12 148/12 249/11 

UTS (MPa) 152/12 204/11 159/9 249/9 169/9 229/8 152/12 209/4 179/11 312/8 

Hardness 

Brinell hardness (measured with 2.5 mm diameter WC ball at a load of 62.5 kg) of studied alloys is in the  
Table 4. No increase in hardness after heat treatment of alloy 57-L due to the low amount of precipitation 

hardening elements was observed. For alloys containing alloying elements at the upper limit of their material 

standard, precipitate hardening lead to increase in Brinell hardness. The best result was found in the 31-H 

alloy, the increase in hardness after precipitation hardening was about 55%. 

Tensile testing 

The character of the tensile diagrams of studied alloys did not differ significantly. For all alloys, relatively low 

plasticity is typical, due to a significant amount of the intermediate phases in the microstructure, which 

significantly disturbs structural homogeneity and the mechanical load significantly affect the effects of the 

intermediate phases as stress concentrators. The results of the uniaxial tensile test on cylindrical bars are in 
Table 5, which shows the yield strength and ultimate tensile strength values. As expected, the largest 

differences were found in alloys containing copper (39 and 57), where the yield strength and ultimate tensile 

strength values at the lower or upper limit of their material standard varied almost twice. 

Corrosion test 

The results of the corrosion test are shown in Table 5, where the calculated corrosion rate and corrosion depth 

of penetration into the surface sample (DPS) are shown. In the case of alloys 39 and 57, by differences of one 
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order of magnitude in the corrosion rate of the alloys with the composition at the upper limit of the alloying 

elements content as compared to the alloys at the lower limit of the alloying elements content were found. 

Table 5 Corrosion properties of studied alloys, behind the slash is the standard deviation σn-1. L and H  

  denotes an alloy with a chemical composition at the lower or upper limit of the material standard.  

  HT indicates the alloy after its recommended heat treatment. DPS indicates the depth of  

  penetration of corrosion environment into the surface of the material.  

Alloy 
AlSi10MgMn - 31 AlSi9Cu3Fe - 39 AlSi5Cu4Zn - 57 

L L (HT) H H (HT) L H L L (HT) H H (HT) 

Corrosion rate 
(mm·a-1) 

0.18 / 
0.04 

0.45 / 
0.02 

0.61 / 
0.03 

0.65 / 
0.11 

0.06 / 
0.01 

0.64 / 
0.05 

0.11 / 
0.01 

0.15 / 
0.01 

0.83 / 
0.01 

2.05 / 
0.09 

DPS (µm) 70 / 30 157 / 16 131 / 34 172 / 23 25 / 18 167 / 32 56 / 19 52 / 13 225 / 18 207 / 36 

4. CONCLUSION 

The results of the experiments showed significant differences in the microstructure and mechanical properties 

of the studied aluminum alloys with the minimum and maximum content of alloy elements within their material 

standards. The initial assumption that the highest differences in microstructure and properties are reflected in 

alloys with wide permissible ranges of alloying elements (ČSN 42 4357, ČSN 42 4339) has been confirmed. 

Differences in properties of alloys increase further after their recommended heat treatment. In the case of 

alloys ČSN 424339 and ČSN 42 4357, differences of one order of magnitude in the corrosion rate of the alloys 

with the composition at the upper limit of the alloying elements content as compared to the alloys at the lower 

limit of the alloying elements content were found. It can be assumed that differences in the chemical 

composition of alloys within their material standard will result, for example, in change of their casting and other 

physical properties. Extreme cases of chemical composition of alloys (to the minimum or maximum content of 

alloy elements) have been studied in this work. Fortunately, in real conditions, the occurrence of alloys with 

the chemical composition that were studied in this work is unlikely to occur. Nevertheless, in isolated cases, 

the situation may occur and this may explain the inadequate properties of the alloy. 
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Abstract 

Metastable β-titanium alloys are receiving much interest for various applications such as aircraft industry and 

medicine thanks to their excellent mechanical properties and biocompatibility. The common way of preparing 

the titanium alloys is hindered by its production costs. Powder metallurgy (PM) approach is a promising route 

for cost-effective fabrication of titanium alloys due to possibility of near net shaping.  

In this study, binary biomedical Ti-15Mo alloy was prepared by PM. Gas atomized powder was sintered by 

spark plasma sintering (SPS) above the β-transus temperature of the studied alloy. The compaction of the 

powders was accomplished by short-time sintering. The effect of the time of sintering on the porosity and the 

microhardness in centre part as well as in periphery part of the sample was investigated. The samples revealed 

significant inhomogeneity - the porosity increases with the distance from the centre of the specimen. With 

increasing sintering times the porosity decreases and simultaneously the microhardness increases.  

Keywords: Powder metallurgy, spark plasma sintering, metastable β-titanium alloys, porosity 

1. INTRODUCTION 

Powder metallurgy (PM) is an alternative manufacturing method which overcomes poor machinability of 

materials and allows production of complex shapes with minimum waste (near net shape processing) and 

reduced production costs [1]. PM has its advantage to design alloys with desired properties by mechanical 

alloying of elements [2] and controlling the porosity of the material [3]. This could be beneficial for materials 

used in biomedicine where low Young’s modulus and high strength is required to prevent stress-shielding [4].  

A number of sintering methods using high pressure at elevated temperatures have been developed such as 

hot pressing (HP), hot isostatic pressing (HIP), quasi-isostatic forging (QIF) or spark plasma sintering (SPS) 

[5, 6]. SPS, a sintering method used in this study, uses very high pulsing direct electric current to heat the 

powder by Joule heat. The compact microstructure can be reached at shorter times and lower temperatures 

than with any other commonly used methods [6-8]. However, the distribution of the Joule heat is not 

homogeneous during SPS. Therefore, temperature distribution in specimen during sintering is also 

inhomogeneous - it reaches its the highest values near the axis of the cylindrical specimen and lowest near 

the shell of the cylinder [9].  

Titanium-based materials, especially metastable β-titanium alloys are one of the most studied alloys 

nowadays. Metastable β-titanium alloys have extraordinary properties such as good mechanical properties 

(high strength, low modulus of elasticity), biocompatibility or good corrosion resistance in many environments 

what makes them a perspective material to be used for example in aircraft industry or biomedicine [10]. 

According to basic requirements, metallic biomaterials should not contain toxic elements and should exhibit 

elastic moduli comparable to the one of bones [11].  
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The production of metastable β-Ti alloys is expensive, therefore, PM is considered as promising method to 

produce and design such alloys. However, during compaction at elevated temperatures, these alloys can 

undergo several phase transformations [12]. In this study, a metastable β Ti-15Mo powder was compacted by 

SPS method at temperature 800 °C for relatively short times (0,1,3 and 6 minutes). The microstructural 

changes during sintering were studied by scanning electron microscope in the centre and the periphery part 

of the cylindrical specimen as well.  

2. EXPERIMENTAL MATERIALS AND METHODS 

An initial powder of Ti-15Mo alloy was manufactured by gas atomization on demand by company TLS Technik 

GmbH & Co. Spezialpulver KG, Germany. The size of the initial powder particles was below 20 μm.  

The powder was compacted in vacuum in SPS furnace manufactured by FCT Systeme GmbH. The samples 

of shape of cylinders about 1 cm high and 2 cm in diameter were heated up to 750 °C in one minute and then 

in 30 s (with the heating rate of 100 °C/min) to the desired temperature of 800 °C. Isothermal sintering was 

then performed for 0, 1, 3 or 6 minutes. Sintering for time 0 minute corresponds to the heating up to 800 °C 

and subsequent cooling down without holding. The cooling of the sample cannot be actively controlled. The 
example scheme of the sintering for time 3 minutes is graphically illustrated in Figure 1. 

  

Figure 1 The development of the pressure and 

temperature during sintering by SPS for 3 minutes 

Figure 2 Schematic representation of the areas of 

interest (a) and b)) for microstructure observation 

in SEM 

For microstructural observation of the compacted samples scanning electron microscopy (SEM) FEI Quanta 

200F operated at 10 kV and equipped with EDS detector was used. Samples for SEM observations were 

prepared by mechanical grinding and polishing followed by a three-step vibratory polishing. The microstructure 

observation was carried out on two specific positions in each sample - in the centre of the sample and in the 
periphery part as it is graphically illustrated on Figure 2. The porosity was evaluated from secondary electron 

(SE) images using software ImageJ.  

The microhardness of the specimens was measured by Vickers method (0.5 kgf load, 30 indents per sample) 

using Qness Q10a instrument with automatic evaluation of the measurement. The microhardness 

measurement was carried out in the centre part of each sample. 
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3. RESULTS  

  

Figure 3 SE micrographs of sample sintered for 0 minutes (a) from the centre part of the sample, (b) from 

the periphery of the sample 

  

Figure 4 SE micrographs of sample sintered for 1 minute (a) from the centre part of the sample, (b) from the 

periphery of the sample 

  

Figure 5 SE micrographs of sample sintered for 3 minutes (a) from the centre part of the sample, (b) from 

the periphery of the sample 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1768 

Microstructure of the samples after SPS at temperature 800 °C for 0, 1, 3 and 6 minutes were observed using 

secondary electrons in SEM. 

In the Figures 3 to 6 SE micrographs from the centre (a) and periphery (b) part of the samples sintered for 0, 

1, 3 and 6 minutes are displayed, respectively. In each image white and black areas are clearly visible. Black 

areas correspond to pores and white ones can be attributed to impurities from polishing which was proved by 

EDS (not shown here). In the periphery part initial round particles can be still recognized for short sintering 

times (0 and 1 minute). The fractions of pores decrease with the time of sintering, especially for the periphery 

part of the specimen. 

  

Figure 6 SE micrographs of sample sintered for 6 minutes (a) from the centre part of the sample, (b) from 

the periphery of the sample 

  
Figure 7 Dependence of the microhardness and porosity of the samples on the sintering time 

The dependence of the microhardness and the porosity on the sintering time is shown in Figure 7. It can be 

clearly observed that the porosity decreases and the microhardness grows with the sintering time. The porosity 

in the periphery part of sample sintered for 0 minute is more than 5 % but it rapidly decreases after sintering 

for 1 minute. It also corresponds to the rapid increase of the microhardness for sample after SPS for 1 minute. 

The difference in porosity between centre and periphery parts is biggest for sample sintered for 0 minute and 
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decreases with the sintering time which means that material become more homogeneous with the increasing 

sintering time. For sintering time 3 and 6 minutes the material become denser, thus, the microhardness 

saturates at around 350 HV. 

4. DISCUSSION 

In Figures 3 to 6 the microstructure of the Ti-15Mo powder sintered for 0, 1, 3 and 6 minutes is shown, 

respectively. The porosity of the samples decreases with the increasing sintering time. Porosity below 1% is 

achieved after sintering for 3 and 6 minutes disregarding the position in the sample (discussed below). The 

temperature of 800°C is therefore appropriate for spark plasma sintering of gas atomized powder of Ti-15Mo 

alloy with the size of 20 μm. Note that the required sintering time and temperature generally depend on the 

powder particles size and morphology [13]. Significant compaction (porosity < 5%) took place also after 

sintering at 800°C/0 min. Such sample spent only about 1 minute at temperatures above 700°C. 

The residual porosity also changes with the distance from the centre of the cylindrical sample. It grows from 

the cylindrical axis to the shell of the cylinder, but it does not change along the cylinder axis of the cylinder. It 
was proved by measurement near the edge of the base - marked as point c in Figure 2 (not shown here). It 

corresponds to temperature distribution modelling in [9], showing that the temperature dependence on the 

distance from axis of the cylinder has a Gaussian course with a maximum in the centre of the specimen. The 

densest condition of sintered Ti-15Mo powder was achieved by sintering for 6 minutes in the centre part with 

porosity 0.184 %.  

The microhardness measurement (Figure 7) exhibits a strong dependence of microhardness on the relative 

density of the material. For sintering time 0 and 1 minute the porosity in the periphery part of the sample is 

more than 1 % which indicates that the sintering is not complete. This results in a porous and softer material. 

The microhardness increases with the increasing sintering time and after sintering for 3 and 6 minutes the 

microhardness saturates at 340 HV. The microhardness is significantly higher than the microhardness of the 

β solution treated Ti-15Mo alloy prepared by standard casting (278 HV) [14]. However, the microhardness 

does not achieve as high values as for SPD-deformed Ti-15Mo alloy (458 HV) [15] or after annealing to two-

phase α+β condition (491 HV) [14]. The increased hardness when compared to the solution treated material 

might be caused by precipitation of small particles of other phases (α or ω) or by increased oxygen content. 

Phase and chemical composition will be characterized in detail during future research.  

5. CONCLUSIONS 

The porosity of the Ti-15Mo alloy prepared by spark plasma sintering at temperature 800 °C for times 0, 1, 3 

and 6 minutes was studied in centre and periphery parts of the samples by scanning electron microscopy. The 

dependence of the porosity and microhardness on the sintering time was analyzed. The main conclusion from 

this study can be drawn as: 

• The porosity of the material after spark plasma sintering decreases with the sintering time.  

• The material is denser in the centre part of the sample than in the periphery part. 

• For sintering times of 3 and 6 minutes, the porosity is lower than 1 % throughout the sample.  

• Microhardness increases with longer sintering time due to the decreasing porosity of the material. 

Microhardness exceeds the microhardness of comparable bulk material prepared by standard casting.  
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Abstract 

A fine-grained alloy with a Ti-48Al-2Nb-2Cr (in atom pct) composition was prepared by Self-propagating High 

temperature Synthesis (SHS). The relationship among different compression ratio, microstructure, porosity, 

density, mechanical properties and residual stresses of the Ti-48Al-2Nb-2Cr alloy was studied by scanning 

electron microscopy, X-ray diffraction, neutron diffraction and mechanical testing. The results show that the 

morphology of the SHS-synthesized alloy is regular with the size of 4−25 μm. The main γ-TiAl phase and the 

α2-Ti3Al and TiAl3 phases were observed in the samples. The cell parameters of the γ-TiAl crystal lattice after 

SHS were determined. It was observed that during compression the processes of hardening as well as those 

of increasing residual stresses take place. The residual strains and stresses in bulk of the material were 

calculated.  

Keywords: Self-propagating high temperature synthesis, Ti-48Al-2Nb-2Cr, titanium aluminides, neutron  

        diffraction, mechanical properties 

1. INTRODUCTION 

Intermetallic compounds (intermetallics) are a unique class of materials which preserve the ordered structure 

and high values of strength properties and the modulus of elasticity until the melting point and which hold an 

intermediate position between metals and ceramic following their technological and operational properties [1]. 

Intermetallics and alloys on their basis are used in power engineering, aerospace industry and medicine. An 

additional advantage of alloys based on Ti-Al compounds is their low density. Among the outstanding casting 

alloys based on titanium aluminides with promising mechanical properties is the Ti-48Al-2Nb-2Cr (аt.%) alloy. 

However, like most alloys based on intermetallics, its disadvantage is low plastic properties at room 

temperature. 

Wide use of materials based on titanium aluminides is limited by the lack of a reliable industrial technology for 

obtaining homogeneous alloys of a given composition. The difficulties are caused by the difference in the 

melting temperatures of the elements (1668 °C vs. 660 °C) and the difference in the densities (4.5 g/cm3 vs. 

2.7 g/cm3) of the main components of the alloy (Ti vs. Al, respectively) [2]. Therefore, the manufacture of 

finished products with the required properties on the basis of titanium aluminides is a complex, multi-stage and 

expensive process including up to ten technological operations [3]. 

In recent years, the technology of Self-propagating High Temperature Synthesis (SHS) has been used in the 

manufacture of intermetallics. First demonstrated in 1967 [4], the method is based on the use of the internal 

chemical energy of original agent powders released in the formation of solid reaction products. The SHS 
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technique reduces the production time, and thus costs and energy, compared to the traditional melting process 

[1]. 

The aim of the present study was to investigate the microstructure, phase composition and mechanical 

properties of the SHS-synthesized alloy Ti-48Al-2Nb-2Cr (аt. %) and to evaluate the residual strains and 

stresses in bulk of the material after compressive deformation at room temperature for its possible industrial 

use. 

2. EXPERIMENTAL 

The Ti-48Al-2Nb-2Cr (at.%) titanium alloy under investigation was obtained by the Self-propagating High 

temperature Synthesis (SHS) method. Ti, Al, Nb and Cr metallic powders were mixed, the resulting mixture 

was compacted to form cylinders 8 mm in diameter and 4 mm high. After compacting at room temperature, 

the samples were placed in an oven and heated to the auto-ignition point. The surface was heated by a laser 

beam (CO2) 6 mm in diameter and with a capacity of 60 W. The experiment was conducted in a vacuum 

chamber under an argon atmosphere at a pressure of approximately 1.5±0.5·102 Pa. he SHS reaction 

temperature was ca. 1400 °C. The reaction proceeded with the participation of molten aluminum, as indicated 

by a delay at 645 °C on the thermogram (not shown). It should be noted that after the SHS reaction the samples 

were not additionally pressed and heat treated. 

The chemical composition of the experimental material, strain parameters and resulting mechanical properties 
are given in Table 1. The stress state in the obtained alloy was induced by the uniaxial compression of the 

samples using a mechanical testing machine with a true strain ε = 0.10; 0.15; 0.20 at room temperature. 

Compression at ε = 0.15 was carried out at two strain rates - ε = 0.001 s-1 and ε = 1 s-1.  

The microstructure of the samples was studied by Scanning Electron Microscopy (SEM) using the Philips XL20 

microscope. X-ray diffraction (XRD) measurements were carried out with a step scan diffractometer  

DRON 4-13 using MoKα radiation (λKα = 0.0711 nm) in the range of angles 10-55º. The X-ray patterns were 

interpreted according to the data in [5]. The density of the samples before and after the mechanical impact 

was determined by a standard hydrostatic method based on Archimedes' principle by weighing the samples in 

air and in water. The hardness measurements of the samples were carried out using a microhardness tester 

PMT-3 and a Vickers indenter with a tip angle of 136°. The maximum load was chosen as 0.98 N (100 gram). 

Twenty indentations were performed on each sample. By means of special tables, the obtained values of 

microhardness HV100 were converted into Brinell hardness HB which was used to evaluate such mechanical 

properties as yield strength σ0.2 according to formula (1): 





≥−⋅=

<⋅=

MPa  1500HB  240, HB 0.367σ

MPа  1500HB               , HB 0.2σ

0.2

0.2          (1) 

and ultimate tensile strength σ - according to the table of dependence σ on НВ [6].  

Table 1 Chemical composition, deformation parameters and mechanical properties of tested alloy 

Content (at.%) Conditions of deformation Mechanical properties 

Ti Al Nb Cr true strain ε 
strain rate εɺ   

(s-1) 

HV100 

(MPa) 

HB 

(MPa) 

σ0.2 

(MPa) 

σ 

(MPa) 

σ0.2/σ 

Base 48 ± 0.5 2 ± 0.2 2 ± 0.2 

0 0 2256 2197 566 745 0.760 

0.10 0.001 3181 2976 852 989 0.862 

0.15 
0.001 3381 3171 924 1054 0.876 

1.000 3690 3484 1039 1165 0.891 

0.20 0.001 3524 3316 977 1107 0.882 
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For determining of the residual stresses in the SHS-synthesized alloy Ti-48Al-2Nb-2Cr we chose to perform 

neutron diffraction measurements at the Laue-Langevin Institute (ILL) SALSA reactor facility in Grenoble. The 

theoretical details and the used parameters of a neutron diffraction experiment are given in [7]. Briefly, a 

monochromatic neutron beam of a cross section of 0.6 × 0.6 mm2 was used for residual strain measurements 

at room temperature, in a spatially resolved mode. The Bragg peaks (110) and (211) for γ-phase (TiAl) were 
measured to 2θ = 45° and 83.5°, for deformed and non-deformed samples, respectively. The data of the 

experiment on neutron diffraction were processed using the LAMP (Large Array Manipulation Program). 

3. RESULTS AND DISCUSSION 

The microstructure of the samples obtained by SEM is shown in Figure 1.  

 
a 

 
b 

 
c 

 
d 

Figure 1 SEM images of the alloy Ti-48Al-2Nb-2Cr in the initial state and after compression: a) initial state; 

b) ε = 0.15, εɺ = 0.001 s-1; c) ε = 0.15, εɺ = 1 s-1; d) ε = 0.20, εɺ = 0.001 s-1 

Both before (see Figure 1a) and after (see Figures 1b-d) deformation, two structurally distinguishable 

components are observed, one of them having a homogeneous structure, while the etching of the other reveals 

an alternation of at least two phases in the form of plates. According to the phase equilibrium diagram of Al-Ti 

[8] and our XRD measurements (not shown), the main phase in this alloy is the γ-phase (TiAl) with the presence 

of the α2 (Ti3Al) phases and a small amount of TiAl3. Thus, the homogeneous structural component is identified 

as a γ-phase, and the lamellar component is an eutectoid of the (α2+γ) composition. In the initial (undeformed) 

state, the number of structural components of the γ-phase (Qγ) and the eutectoid Qeut-d is related as Qγ:Qeut-d 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1774 

= 1.3:1. As a result of deformation, this ratio increases with an increase in the true strain ε and at the strain 

rate ε = 0.001 s-1 equals Qγ:Qeut-d = 1.4:1; 1.8:1; 2.6:1 for ε = 0.10; 0,15; 0.20, respectively. At ε = 1 s-1 and ε = 

0.15, the value of Qγ:Qeut-d = 1.5:1. The method of measuring the chord length in the plane of the section which 

is normal to the direction of compression made it possible to determine that for all samples the grain sizes are 

in the range 4-25 μm, and their distribution is asymmetric with respect to the average values (7.6, 8.2, 8.5 and 
9.9 μm for ε = 0, 0.10, 0.15, 0.20, respectively, and ε = 0.001 s-1) with a shift toward larger grain sizes.  

In the initial (undeformed) state, there are material discontinuities (indicated by arrows in Figure 1a), the share 

of which increases with an increase in the strain ε (compare Figures 1b and d). The experimentally determined 

values of the pore volume fractions V in their dependence on ε are well approximated by the regression 

equation of the form: 3.17.14.32 2 +⋅+⋅= εεV . Under the conditions of this experiment, the dependence of 

V on the strain rate ε was not revealed (cf. Figures 1b and c). 

The hydrostatic weighing method established that in the experimental range of true strains ε the alloy density 

ρ decreases linearly depending on ε (for ε = 0.001 с-1) in accordance with the expression of the form

ερ ⋅−= 787.0040.4 , g/сm3. The values of the density ρ at ε = 0.15 are the same for both strain rates ε (0.001 

and 1 s-1). It is obvious that a decrease in the material density is connected with the formation of discontinuities 

during deformation. 

The XRD method (MoKα radiation, λKα = 0.0711 nm) made it possible to reveal that the main phase in the initial 

state is the γ-TiAl phase with a tetragonal crystal lattice, as well as the α2-Ti3Al and TiAl3 phases (not shown). 

The calculated γ-TiAl phase lattice parameters are a = 0.4009 nm, c = 0.4051 nm. Although the presence of 

the TiAl3 phase requires a higher Al content, because the range of its homogeneity starts from ca. 65 % Al (at.) 

[8], many researchers (see, e.g., [9]) detect its presence by the XRD method in alloys with the Al content 

≤ 50% (at.). The samples after deformation reveal an increase in the peak intensity corresponding to the 

γ-phase, some peaks broaden and their intensity changes, the background level increases, which indicates 

an increase in internal stresses.  

The calculation results for hardness according to the HB scale, the yield stress σ0.2, and the ultimate tensile 

strength σ, which were determined from the experimentally determined values of microhardness HV100, are 

given in Table 1. The dependence of hardness HB on the value of the true strain ε can be well approximated 

by a second order polynomial: 225400114002060 εε ⋅−⋅+=HB , MPa. Differentiating the obtained 

dependence HB(ε) by ε, we obtain: 1140050800 +⋅−=
•

εHB . Thus, the increase in hardness HB∆  by a single 

change in deformation ε∆  ( ε∆∆HB ) decreases with an increase in the external impact ε, and the material 

hardening reaches its maximum at ε ≈ 0.22. The comparison of the values of hardness HB equal to 3,171 MPa 

at ε = 0.001 s-1 and 3,484 MPa at ε = 1 s-1 in Table 1 show that higher compression rates ε initiate greater 

hardening of the alloy. 

The calculated value of the σ0.2/σ parameter equal to 0.76 MPa for a sample in its initial state increases with 

an increase in the true strain ε and also depends on the strain rate ε. Thus, the maximum value σ0.2/σ = 0.891 

was observed in a sample deformed at ε = 0.15 and ε = 1 s-1. 

The calculated data of mechanical characteristics show that in deformation at room temperature, the hardness 

and the σ0,2/σ parameter increase, which indicates an increase in the brittleness of the alloy and a decrease 

in its capacity for subsequent forming. Among the determining factors contributing to such behavior of the 

material is the presence of strong residual stresses in the metal deformed after SHS. They were evaluated 

using the neutron diffraction method with the help of which the angles of diffraction maximums formed by the 
family of planes (211), 2θ(211), and (110), 2θ(110) were determined in initial and deformed samples. γ-TiAl has 

an AuCu-type structure, therefore, Ti and Al atoms alternate in the (110) direction. The experimental data and 

the hypotheses on the tendency of residual strains to their spontaneous minimization served as the basis for 
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determining the parameters of an elementary tetragonal γ-TiAl cell: a = 0.3999 nm, c = 0.4199 nm. The value 

of the residual strain resε  in the principal (axial and radial) directions was calculated in accordance with the 

equation ( ) 110
0

110
0

110 dddres −=ε , where 110d  - the measured lattice parameter; 110
0d - the “stress free” lattice 

parameter; residual stresses resσ - in accordance with the generalized Hooke's law for an isotropic body [7]. 

The calculation results are given in Table 2. 

Table 2 The values of residual strains resε  and stresses resσ  in the family of planes (110) in the axial and  

    radial directions of compression 

Conditions of deformation Direction of compression 

true strain ε strain rate ε (s-1) 

axial radial 

res

аxialε  (%) 
res

axialσ  (MPa) 
res

radialε  (%) 
res

radialσ  (MPa) 

0.10 0.001 -0.37 -319 0.34 626 

0.15 
0.001 -0.36 -122 0.49 1008 

1.000 -0.36 -532 0.13 127 

0.20 0.001 -0.36 -5 0.60 1279 

As shown in Table 2, in the experimental range of true strains ε, the residual strains res

аxialε  in the direction of 

compression do not depend on the value ε and are ~ -0.36%. Thus, already at the minimum value ε = 0.10, 

the approach of atomic planes (110) is maximum. The residual strains in the plane res

radialε  which is normal to 

the direction of compression are proportional to ε. The calculated values of the residual stresses are significant 

and in all the tests exceed the values of the Ti-48Al-2Nb-2Cr alloy ultimate tensile strength given in [10]. 

Consequently, with an increase in the value of the true strain ε, there is an increase in the amount of the 

γ-phase and in the average grain size in the sample‘s plane which is normal to the direction of compression. 

Along with this, new discontinuities are formed and the material density decreases. The latter can be explained 

by the lack of sufficient accommodation of deformation on grain boundaries (a small number of slip and 

twinning systems) at room temperature [11] or by significant compressive stresses exceeding the ultimate 

strength, which is revealed by the neutron diffraction method. 

Thus, the main strategy for the industrial use of the Ti 48Al-2Nb-2Cr alloy obtained by the SHS method is post-

processing which leads to a decrease in brittleness and an increase in material ductility (e.g., hot deformation), 

as well as to lower residual stresses in the material (e.g., ion implantation [12], high-intensity pulse electric 

current treatment [13], etc.). 

4. CONCLUSION 

Self-propagating high temperature synthesis (SHS) is a useful technique to produce multicomponent titanium-

based alloys, such as Ti-48Al-2Nb-2Cr (in atom pct). The obtained alloy is characterized by a duplex structure 

consisting of rounded grains of the γ-phase (TiAl) and grains consisting of alternating α2-phase (Ti3Al) and γ-

phase plates. With the value of the true strain ε increasing, there is an increase in the amount of the γ-phase 

and in the average grain size in the sample’s plane normal to the direction of compression, as well as the 

formation of new discontinuities and a decrease in the density of the material. During compression, the material 
hardens, which is accompanied by an increase in hardness, while the increase in hardness ΔHB by a single 

change in the strain ε (ΔHB/Δε) decreases with an increase in the true strain ε and the material hardening 

reaching its a maximum at ε ≈ 0.22. The alloy under investigation in its initial state has a relatively high value 
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of the ratio σ0.2/σ = 0.76, the latter increasing together with an increase in the true strain ε, which indicates a 

low ability to forming in the cold state without cracking. In order to decrease very high residual stresses in bulk 

of the material and to increase the workability of the Ti-48Al-2Nb-2Cr alloy obtained by the SHS method, it is 

necessary to perform hot deformation or special additional processing. 
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Abstract 

This work presents an application of Abaqus simulation software based on Finite Element Method in pressure 

pulse test simulation to optimize design of Charge Air Cooler and prepare it for serial production release. The 

work explains step by step how the pressure pulse test simulation of Charge Air Cooler design is performed 

on a level of virtual validation and what kind of useful information it can provide to the development team. Most 

of all this work, based on the example of Charge Air Cooler, shows how a big role plays simulation software 

today and how it can improve the product and reduce development costs. 

Keywords: FEM, simulation, charge air cooler, pressure pulse test 

1. INTRODUCTION 

Finite Element Method/Analysis [1] (FEM/FEA) is widely used in numerical modelling to solve simple and 

complex issues [2]. The pressure pulse test is the key test verifying the durability of products which will be in 

contact with the variable pressure of hot working medium during use. For a charge air cooler, the pressure 

pulse test consists of a cyclically varying pressure of air supplied to its inlet at a specific temperature and 

frequency. The test is considered as passed if the charge air cooler performs the number of cycles defined in 

the test specification, remains leak free, or depending on the specification with the leakage level within the 

permissible limit. In this study the model of the charge air cooler is designed in the NX Siemens software 
(Figure 1). It consists of an aluminum core to which plastic tanks are attached. The tightness between them 

is ensured by rubber gaskets. Tanks play a function of interface with other components of the car heat 

exchange system and its structural frame. The hot charge air is supplied to the CAC through inlet tank pipe.  

 

Figure 1 Charge Air Cooler CAD model 

2. PRESSURE PULSE TEST SIMULATION 

For pressure pulse test simulation several simplifications are implemented [3]. To minimize the computational 

complexity, a half symmetry model is considered built [2]. CAD model of charge air cooler is divided into two 

parts: inlet and outlet side and both sides contained only part of the core because all possible damages 

occurring during pressure pulse test take place in this specific area. Created CAD model is then exported to 

the Abaqus FEA software [4], where mechanical properties corresponding to working temperature of 200oC 
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for each component of the charge air cooler are considered. The aluminum core is meshed with quadrilateral 

shell elements for tube, turbulator, air center, reinforcement and solid tetrahedral elements for the header. 

Plastic tanks are discretized by tetrahedron elements [2]. In the FEM model the degrees of freedom are 

assumed in the X, Y, Z axes for the core and in the Z axis for the tank pins which position the exchanger in the 
car frame (Figure 2). 

 

Figure 2 Charge Air Cooler FEM model 

Load in the form of a constant pressure with an amplitude of 0.2 MPa 2 bar (g) is assigned inside each element 
of charge air cooler (Figure 3). 

 

Figure 3 Boundary condition: pressure load 

3. RESULTS AND DISCUSSION 

Obtained results include principal stresses and average displacements in the system. The simulation indicates 

the location of maximum principle stresses [5], which are present on the radius of the upper tube of the inlet 
tank on the engine side (Figure 4) and the upper tube of the outlet tank on the cooling air side (Figure 5). 

According to product specifications the displacement of each tank should not exceed 0.5 mm. The limit of 

maximum principal stresses for the tube is set at the level of 65 MPa as a result of calculations and data from 

the real pressure pulse test which was performed for similar charge air cooler. In this case this limit has been 
exceeded for both sides of analyzed design of charge air cooler. Figures 6 and 7 show the level of 

displacement on both tanks, respectively on inlet and outlet tank. On the inlet tank the maximum displacement 

level is 0.97 mm. The highest value of displacement on the level of 1.82 mm is present on the outlet tank. The 

level of maximum principle stresses in the case of the inlet tank exceeded the permissible limit of 45 MPa, 
reaching a maximum value of 55 MPa (Figure 8). A similar issue occurred also on the outlet tank where the 

maximum stress level calculated by program was 77 MPa (Figure 9). 
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Figure 4 Inlet side: Max principal stress (MPa) Figure 5 Outlet side: Max principal stress (MPa) 

 

 

Figure 6 Displacement of inlet tank (mm) Figure 7 Displacement of outlet tank (mm) 

 
Figure 8 Inlet tank: Max principal stress distribution (MPa) 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1780 

 

Figure 9 Outlet tank: Max principal stress distribution (MPa) 

For all types of charge air coolers design like the analyzed one in this study, the main reason for failing the 

pressure pulse test is leakage from the tube as a result of the crack. The reason for the tubes cracking and 

the occurring leaks is the rotation of the header with which the tubes are connected by brazing. In turn, the 

movements of the header are the result of the tank pulsing due to the varying sinusoidal pressure of the hot 

air. Therefore, to prevent cracks and leakages of the tubes before reaching the required number of cycles, the 

inlet and outlet tank deformation need to be reduced by adding ribbing on their walls. The following example 

shows the simulation of the pressure pulse test for the analyzed charge air cooler, in which ribs on the external 

walls of tanks were introduced to reduce their deformation.  

  

Figure 10 Displacement of inlet CAC tank (mm) Figure 11 Displacement of outlet CAC tank (mm) 

 

Figure 12 Inlet tank: Max principal stress distribution (MPa) 
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Adding ribs to its tanks gave the maximum displacement of the charge air cooler inlet tank on the level of 0.31 
mm (Figure 10) and 0.50 mm of the outlet tank (Figure 11). Based on the results of the simulation, there is 

213% decrease of displacement for the inlet tank and 264% for the outlet tank in relation to the maximum 

values of displacement in the baseline model. Adding ribs on the inlet tank reduced maximum principle 

stresses on inlet tank by 57% in relation to the maximum value obtained for the baseline design inlet tank 
(Figure 12). The stress reduction on the inlet tank automatically caused stress reduction occurring on the inlet 

side tubes by 164% (Figure 13). 

 

Figure 13 Inlet side tubes: Max principal stress distribution (MPa) 

Figure 14 shows the calculated values of maximum principle stresses in the outlet tank, whose maximum 

value decreased by 40% in relation to the baseline model. The empirically determined stress limit for the 

material from which the tank was made is 45 MPa. This value was exceeded in some places of the tank. 

Therefore, the injection mold should be then modified as indicated by simulation. The area smooth radiuses 

and joint of ribs should be implemented. 

 

Figure 14 Outlet tank: Max principal stress distribution (MPa) 

Identically as in the inlet tank, adding ribs to the outlet tank and fixing the radiator to charge air cooler positively 

affects the reduction of stress on the charge air cooler tubes on the outlet side by 135% in relation to the 
maximum value of the baseline design (Figure 15). 
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Figure 15 Outlet side tubes: Max principal stress distribution (MPa) 

4. CONCLUSIONS 

The presented work shows that structural calculations are rarely carried out once but this is a cycle of analyzes 

consisting of structural improvements introduced to construction based on previous simulation results, 

empirical material data and experience and consultation with the engineering team. For the presented pressure 

pulse test there is the possibility of implementing suggested changes in the mold and apply the optimal solution. 

Such activities are carried out until the result of the final simulation and then the physical test meet all set 
requirements. Table 1 presents a comparison of stress level for charge air cooler components calculated for 

the baseline design and the design after implemented modification of tanks. A huge impact of the applied 

changes to the reduction of stresses in the design of analyzed charge air cooler can be observed. 

Table 1 Impact of changes in design on the results of pressure pulse test simulation  
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Abstract  

Aluminum alloy 5754 (AlMg3) has a high welding and strength properties and also a good resistance to 

atmospheric and marine corrosion. The alloy is used in many industries such as automotive, railway, marine 

building, electricity, chemistry and forging. In this work, strength properties of aluminum alloy 5754 (AlMg3) 

after an acid salt spray (CASS) test and neutral salt spray (NSS) test have been investigated. It can be 

concluded, that after 240 hours of duration of (CASS) test of Al alloy 5754 (AlMg3), the plastic elongation A50 

showed the greatest decreasing (up to 50%), whereas performed (NSS) test during 1512 hours (9 weeks) of 

the same Al alloy does not show decreasing of any strength properties. The mechanical properties of tested 

alloy after (NSS) test were on the same as initial level. On the basis of obtained results it can be concluded, 

that acetic acid salt spray (CASS) test may cause significant decreasing of strength properties which can cause 

too early destruction of elements used in industry. 

Keywords: Corrosion resistance, CASS test, NSS test, strength properties  

1. INTRODUCTION 

In the industry, aluminum alloys are now widely used in the manufacture of structural parts responsible for 

energy absorption and crashworthiness. The aim of recent researches is being to develop passive safety of 

vehicles through structures fabricated using materials with the highest possible strength to weight ratio. For 

example aluminum alloy 5754 is a medium strength alloy with excellent corrosion resistance especially to 

seawater. Aluminium alloy 5754 shows good cold formability, high fatigue strength and fair machinability. This 

makes aluminum alloy 5754 highly suited applications, shipbuilding or chemical and nuclear structures. It is 

also commonly used for automotive structural members and inner body panels [1]. 

In this work aluminum alloy 5754 (EN AW-5754, PN PA11, ISO Al Mg3) was applied to the research in form 

of sheet-metal with dimension 1000 × 2000 × 1 mm. 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).  

The aluminum alloy 5754 was studied for corrosion resistance in salt spray chamber and accelerated 

electrochemical tests. The aim of study was to determine strength properties of tested alloy after long time 

exposure in two corrosive environments. In the literature only a trickle of information on this subject can be 

found [2-5].  
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2. EXPERIMENT AND TEST RESULTS 

To the determination of corrosion influence on mechanical properties of tested material the strength specimens 

were exposed to neutral and acidic (with the addition of CuCl2) salt spray impact [6]. The test specimens were 

prepared according to EN-ISO 6892-1:2016 [6] as type 1, with width bo 12.5 ± 0.05 mm, and original gauge 

length 50 mm, with parallel length 62 mm. An example of appearance of tested specimens after corrosion tests 

are shown in Figures 1, 2. The outside surface observed under higher magnification is presented in Figure 3. 

The exposure was performed suitably at a temperature of 35°C (NSS test) and 50°C (CASS test) and 

specimens were periodically drawn out from the corrosion chambers at every 24 hours during coursing of 

experiment in acid corrosion test (CASS) and at every week in neutral corrosion test. The corroded specimens 

were subjected to testing of strength properties and elongation (Rm, Rp0.2, A50) according to EN ISO 6892-1: 

2016 [7].  

 

Figure 1 Tensile specimens after fracture, before tensile test specimens were exposed in environment  

of NSS test for 672 h (4.2) and 1512 h (9.2) 

 

Figure 2 Tensile specimens after fracture, before tensile test specimens were exposed in environment  

of CASS test for 24 h (4.1) h and 192 h (8.1) 

      

Figure 3 The appearance of the specimens surface after corrosion tests: a - in NSS test (672 h);  

b - in CASS test (24 h) 

a) b) 
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Figure 4 Ultimate tensile strength as a function of time in NSS test 

 

Figure 5 Proof strength as a function of time in NSS test 

 

Figure 6 Percentage elongation as a function of time in NSS test 
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Figure 7 Ultimate tensile strength as a function of time in CASS test 

 

Figure 8 Proof strength in function of time in CASS test 

 

Figure 9 Percentage elongation in function of time in CASS test 
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3. RESULTS OF ANALYSES 

The achieved results (Figures 3-9) allow for the explicitly evaluation of analyzed material behavior both in 
acidic as well as neutral salt spray environment. The surface of tested specimens with the passage of test time 
is undergoing the corrosion, in addition in case of the NSS test corrosion effect is observed only in the form of 
grains size etching, while in the case the CASS test on the surface of specimens corrosion pits appeared with 
different dimensions - Figure 3. The size of observed pits increases with time of the test. After 24 h pits are 
about 1 mm wide, whereas after 192 h their dimensions reach even 4-5 mm - Figures 2, 3b. The measured 
values of strength properties and elongation (Rm, Rp0.2, A50) of tested specimens presented in Figures 4-6 are 
the consequences of observed corrosion process. The measured values of mechanical properties during the 
NSS test changes in the following ranges: Rm: 224-233 MPa, Rp0.2: 128-123 MPa; A50: 21.1-18.3 %. In addition 
in the entire examined time period (0-1512 h) there is no observed of explicit change of the properties trend. 
So, it could be assumed that effect of the corrosion of aluminum alloy 5754 in NSS spray environment is such 
slight that doesn't cause substantial changes of measured mechanical properties.  

The situation in the case of CASS test is quite different. The measured values of mechanical properties change 
within the range: Rm: 220-192 MPa, Rp0.2: 119-112 MPa; A50: 24-11 %. The observed trend consist in properties 

value decreasing with time passage (0-240 h). The biggest properties reduction is observed in the first period 

of the test, i.e. between 0 and 96 h (∆1Rm=21 MPa, ∆1Rp0.2 = 5 MPa; ∆1A50= 12 %).The further time passage 

(96-240 h) doesn’t result in essential properties change (∆2Rm=7 MPa, ∆2Rp0.2 = 2 MPa; ∆2A50= 1 %). So, the 

inspected alloy is much less corrosion resistant in acidic salt spray environment and this effect is transferred 

for the significant reduction of measured mechanical properties, in addition in the studied case instead of Rm, 

Rp0.2 rather values of measured forces should be considered because in the course of conducted test the 

dynamic specimens cross section reduction is undergoing (the considered Rm, Rp0.2 values are 

underestimated), as a result of pits creation which influence is difficult to determine. From the other side the 

progressing corrosion can also reduce Rm, Rp0.2 and A50, as a result of internal processes, but also this influence 

is difficult to determine.   

4. CONCLUSIONS 

• Studies shows that acid salt spray, CASS test causes faster illusory decreasing of strength properties 

of Al 5754 alloy compared to NSS test and indicate the need to develop a new microstructural properties 

of alloy for parts in salt environment to apply protective layers (coatings). 

• In case of the NSS test the corrosion effect is observed only in the form of grains size etching and 
doesn't cause substantial changes of measured mechanical properties, while in the case the CASS test 

on the surface of specimens corrosion pits appeared with different dimensions. 

• Corrosion pits observed on the specimens surface after acid salt spray, CASS test cause specimens 

cross section reduction and in this case instead of Rm, Rp0.2 (underestimated) rather corresponding 

forces Fm, Fp0.2 should be considered.  
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Abstract  

Paper presents characteristics of thermovision, 3D scanning and tomography methods used for quality rating 

in multilayer ceramic moulds used for purposes of aircraft turbine blades casting. Moulds measurements were 

performed with thermovision camera, 3D scanner and tomography. Results were converted via dedicated 

software for each method and were saved in compatible file format that allowed to perform an analysis. One 

of the decisive factors of these measurement methods usefulness are accuracy and measurement error. For 

obtained measurement results quality rating selected statistical methods, Measurement System Analysis MSA 

and R&R index were used. Analysis allowed to estimate uncertainty and efficiency for applied non-destructive 

measurement systems for multilayer ceramic moulds rating. 

Keywords: Methods NDT, thermovision, 3D scanning, tomography, uncertainty, multilayer ceramic moulds 

1. INTRODUCTION  

The development of technology and market demand caused that the companies not only must produce at an 

increased pace, but also at the best quality, to satisfy the consumers and stand out. One of the most important 

parameters of the manufactured product is its quality which results in customers satisfaction, thus company 

income. In order to determine the quality of a manufactured product, it is necessary to make product 

measurements, a process that provides reliable information and determine the measurement uncertainty. This 

knowledge is necessary to make a reference to product quality by comparing the results of measurements to 

a given nominal value. It is possible to determine the uncertainty of the device, the method or the operator, i.e. 

the person performing the measurements [1]. The article presents the results of tests carried out on multi-

layered ceramic molds, used for air blades casting and by use of statistical tools, shows measurement 

uncertainty of selected methods. Because the product obtained after pouring ceramic forms is very specific, it 

must be characterized by excellent properties and precision of dimensions, errors are unacceptable [2]. To be 

able to prevent them, not only the products obtained, but also the forms in which they are created are subjected 

to non-destructive testing (NDT). Selected NDT methods will be presented later in the article. 

2. NON-DESTRUCTIVE TESTING 

According to Zientek [3], two groups of tests can be identified, which enable detection of damage or defect of 

the tested object. They are so-called destructive and non-destructive tests. As the name suggests, the second 

group of research does not interfere with the examined object, does not destroy it, does not damage it, and 

allows one to examine it and obtain results to assess their quality. NDT test methods are mainly used to assess 

the properties of materials, they can detect and locate existing defects or discontinuities, determine material 

parameters or determine the thickness of the tested object. NDT research is mainly used in the automotive, 

aerospace and power industry, due to the need to ensure high quality products. This research allows to control 

not only finished products, but also their individual stages during the production process [4]. The research was 

carried out in order to determine the uncertainty of measurements using non-destructive methods such as: 

thermovision, tomography and photogrammetry. 
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2.1. Thermovision 

Thermovision is one of the methods of non-contact measurements based on a remote assessment of the 

temperature distribution on the surface of the body, object or test item. This method was discovered and 

developed in the second half of the nineteenth century. The measurement is based on observation and 

registration using appropriate devices, and on the distribution of infrared radiation. Each body that generates 

radiation can be subjected to the test, and its temperature has a temperature higher than absolute zero, or 0 

K. Ultimately, this radiation is transformed into visible light. Thanks to this, the use of thermovision as a non-

destructive test can be used wherever the surface temperature can be measured [5]. Thermovision is used in 

many areas, such as: industry, medicine, electronics, energy, construction, metallurgy, agriculture, 

environmental protection, as well as mechanics. When assessing the thermovision test, you can distinguish 

many of its advantages: it is very fast, and the results in the form of a thermogram can be obtained immediately 

thanks to special software. The great advantage is the ability to perform tests without destroying measured 

object. Having a camera, a computer system dedicated to it and skills, it is possible to self-treat and analyze 

thermograms [6]. 

2.2. Tomography  

Computed tomography commonly known for medical applications has also found application in industry. This 

unique method of NDT non-destructive testing by means of object x-raying and then receiving feedback 

information can create a digital equivalent of the cross-sectional image of the subject under study. It consists 

in creating images of the examined object in a 2D section and 3D space, by means of projection of the object. 

The tomographic image is created by passing the beam of X-ray radiation through the object under study, and 

then a precise measurement. It is made through a detector and it depends on the accuracy as well as the 

quality of the image obtained. To obtain the final result of the image, the data obtained in the form of two-

dimensional cross-sectional images and 3D models should be combined [7]. The advantage of using the 

tomographic method as a non-destructive examination is that it can be used in many areas for measurement, 

control and examination of the structure of the material of the tested object, which makes it universal. It also 

allows assessment of porosity, detection of material discontinuities, determination of the wall thickness of the 

tested object, and even an internal image can be obtained to assess the quality of, for example, mechanical 

or electronic assemblies [8]. 

2.3. Photogrammetry  

Through the development of technology, today's 3D scanners allow measurements of objects from the smallest 

size to large dimensions, ensuring their exact parameters, deviations on the entire surface or 

in cross-section, but also allow for very accurate measurement data. Photogrammetry is one of the fields of 

study of materials for contactless spatial measurements. The field of photogrammetry itself deals with the 

reproduction of shapes and sizes, it allows for quick and accurate transfer in the form of a three-dimensional 

image of the geometry of an object to a computer screen, through specialized software and the appropriate 

equipment such as a 3D scanner [9]. Depending on the equipment, image processing is based on the fact that 

the object is casting light in the form of stripes, then the cameras record the deflection of the stripes, so the 

appropriate software can create a point cloud in which each of them corresponds to a single pixel matrix. At 

the end, the point cloud can be transformed into an object model in the form of triangles. Photogrammetry can 

be used in industry, architecture, archeology, urban planning, and medicine [10]. 

3. UNCERTAINTY MEASUREMENT  

Measurement data is currently used much more frequently than it was previously not only in industry but in 
various other fields. It is possible to compare the data obtained using statistical tools with designated control 
limits, and based on these results, a manufacturer can decide on the adjustment of the production process. 
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Uncertainty is a measure of the dispersion of values, results obtained, repeated on the same objects or similar, 

in reproducible measurement conditions [11]. The determination of uncertainty is crucial when making 
measurements, especially when making measurements needed for scientific and technical work [12]. There 
are many factors that can affect the correctness of the measured data to determine the uncertainty of 
measurement using thermovision, tomography and photogrammetry. Factors that may affect later received 
data may be related to poor device assembly, lack of proper calibration or inappropriate test environment. 

Also, the quality of the received measurement data is influenced by a person operating given device, who 
should undergo appropriate training in order to be able to deal with it. The essence of the measurement is its 
accuracy, which concerns both the measurement, the device, the method, the measurement tools, as well as 
the operators (persons responsible for conducting the tests). In the tests carried out for the purposes of the 
article, the uncertainty of direct measurements was assessed, the standard uncertainty of a single 

measurement was calculated, and the average obtained from all series of measurements was calculated. The 
uncertainty calculated using such a method is called the standard uncertainty of the A method [13]. 

4. MSA AND R&R INDICATOR 

The literature presents the analysis of the MSA measurement system as a tool used to determine the quality 
of the measurement system of the obtained test results. An efficient measuring system is one where several 

successive results are identical or close together [13]. The errors of the measurement system can be described 
in five categories: accuracy, repeatability, stability, reproducibility and linearity. In addition to MSA, can be also 
use the R&R reproducibility ratio. It allows evaluation by determining its percentage, and thus presenting the 
measurement system as acceptable or not. According to certain standards, the R&R ratio below 10%, allows 
to accept the system, in the range of 10 to 30%, it can be accepted conditionally, while if the value exceeds 

30%, then it is necessary to improve the measurement system. Both methods are used to check whether the 
measurement system under test is acceptable and reliable. They are relatively easy to perform, the costs are 
not large and they are extremely useful because they allow to quickly locate the source of problems [14].  

5. RESULTS 

The uncertainty of measurements of individual non-destructive testing methods was analyzed. The tests were 

carried out on a multi-layered ceramic mold used for casting of air blades. In each of the methods, the 

measurements were performed by two independent operators. The results were developed in the STATISTICA 

program, where plots showing the spread of results, deviation and average were plotted. As mentioned before, 

the MSA tool was also used and the R&R ratio for each method was determined. The procedure for assessing 
the measurement system using the R&R ratio based on the Ford methodology has specific guidelines. Data 

registration was performed twice in 20 places on the site examined by two operators. At the beginning, basic 

statistics were calculated from the results obtained, and repetitiveness and reproducibility were calculated in 

later steps. Using the thermovision method, the temperature distribution was recorded for a period of 20 

minutes of mold cooling from 200°C. For the tests, the FLIR T640 thermal imaging camera was used, which 

uses the latest precision measurement technology. After the FLIR TOOLS+ program dedicated to the camera, 

thermograms were created, where the mold cooling temperature was observed, which allowed to observe 
whether the ceramic molds were well made or not. Figure 1.1 presents the measurement points on the 

thermogram, from which data was collected to evaluate the quality of a multi-layer ceramic mold. 

Photogrammetric tests were carried out using the ATOS Triple Scan scanner, it provides fast and accurate 

measurement and complete measurement data. The data received was analyzed in the GOM Inspect program. 

Operators using the software determined the thickness of the form in precisely defined places, as shown in 
Figure 1.2. Thicker form spots are marked on the form scan, so one can observe thickness deviations, to 

check whether spots are within the tolerance range and thus determine whether quality is acceptable or not. 

The tomographic examinations were carried out on the Phoenix Nanotom S tomograph, which ensures high 

precision. The tomographic method is the most labor-intensive of these NDT studies, because the first data 
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obtained should be generated in the ImageJ program using 2D images, and then with the myVGL software 

one can start processing them into 3D images. The porosity of the surface of a multi-layer ceramic mold was 

examined by the tomographic method. An exemplary image obtained as a result of tomographic examinations 

is shown in Figure 1.3. 

 

Figure 1 Presentation of images received in dedicated programs for processing the results of selected NDT 

tests, 1) thermovision studies, 2) photogrammetric studies and 3) tomographic examinations 

 

Figure 2 Graphical representation of measurement results for individual operators using the tomography 

method 

1 

2 

3 
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The results of research for particular methods are presented below, which show the spread of results obtained 
by operators. Figure 2 shows the results for operators for the tomography method, in Figure 3 the scatter 

results for the photogrammetric method and in Figure 4 for the thermovision method. It can be observed that 

the obtained results do not have a large discrepancy between the operators, and the differences between the 

values read are within tolerance. It means there were no places on the mold with overflowing or slipping, which 

could affect at a later stage the poor quality of molded airfoils from multi-layered ceramic molds.  

 

Figure 3 Graphical representation of measurement results for individual operators using the photogrammetry 

method  

 

Figure 4 Graphical representation of measurement results for individual operators using the thermovision 

method  
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The conducted study showed that the molds are made accurately and correctly, their quality is acceptable, as 
indicated by the calculated R&R ratio, which results are presented in the Table 1. 

Table 1 Numerical presentation of the results obtained from the R&R analysis for each of the non-destructive 

testing methods. 

Indicator  Thermovision  Photogrammetry Thomography 

Mean range 5.35 1.87 0.12 

Repeatability 1.27 0.42 0.02 

Reproducibility 0.57 0.06 0.14 

%R&R 5.84 0.10 5.10 

6. CONCLUSION 

The uncertainty of measurements of non-destructive tests used to assess the quality of multi-layered ceramic 

forms has been analyzed. The results obtained after the thermographic, photogrammetric and tomographic 

examinations have confirmed the positive effect of NTD methods to detect defects in the object. When applying 

and comparing results from three methods, it was noticed that deviations occurring in the same places on 

ceramic forms can be observed. The use of the R&R study also proved to be extremely effective, allowing 

estimation of reproducibility and repeatability of results. The non-destructive testing and statistical analysis 

made it possible to confirm the correctness of the operation of methods for assessing the quality of multi-

layered ceramic forms. After combining these three methods, quality of the form can be easily determined, 

confirming effectiveness of non-destructive testing. 
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Abstract 

The contribution deals with the determination of the influence of the microgeometry of the cutting tool on the 

progress and size of the dynamic load of the system in the machining process. The experimental part was 

realized in conditions of longitudinal turning of aluminum alloy EN AW 2014. For machining alloys were 

suggested replaceable cutting inserts with pre-set microgeometry edge with mark CCGT 120408-AL and 

cutting conditions. By means of the mechanical adjustment of the microgeometry of brushing, the rounded 

edge was achieved for radius 0-5 μm, 10-15 μm and 20-25 μm for tested inserts. During the experimental 

activity of machining aluminum alloy, the dynamic load of the system was measured and evaluating for the 

effect of the individual parts of the cutting forces using the stationary piezoelectric dynamometer Kistler. The 

resulting cutting force was determined with respect to the radius of the rounded edge and the value of the feed 

of the cutting tool. 

Keywords: Aluminum alloy, turning, cutting edge, cutting forces, microgeometry 

1. INTRODUCTION 

The producers of cutting tools still contend with the issue of microgeometry of cutting edge. During machining 

process cutting tool and its cutting part are exhibited strong mechanic and thermal loading. Choice of suitable 

microgeometry of cutting tool it is possible to achieve decrease of the wear of cutting edge and thereby 

increase of durability of cutting tool. The cutting edge before the adjustment contents many defaults, such as 

microcracks, burrs, fragments and overpacks. With the use technologies, e.g. grinding, brushing or tow 

wearing is achieved required of the shape and edge radius. It is a process of the transformation of geometry 
of cutting edge into shrinked or rounded shape, which is characterized by parameters Sa, Sγ, which describe 

the sharp or obtuse run of the contour to the rake or flank face respectively. Then symmetry factor K, which 

define to describe of the contour generated by the cutting edge rounding process. And last, edge radius rn 

define size of rounded cutting edge after cutting preparation. They are described in publication of the authors 

Denkena, B. et al. [1]. Resulting edge radius is dependent on the machined material, choice of cutting material 

and cutting conditions. The microgeometry of cutting tool eliminate the defects caused during machining 

process and has the positive influence on size of cutting forces, distribution of the heat, chip forming residual 

stress into surface and subsurface layers and on the stability of the whole process [2,3,4]. 

2. THE INFLUENCE OF MICROGEOMETRY AND GEOMETRY OF CUTTING EDGE ON THE 
DYNAMIC LOAD OF SYSTEM DURING TURNING 

In machining material, there is created tenseness caused by the cutting wedge, when is getting into the 

workpiece. In this moment it comes about plastic and then elastic deformation and demonstration of force 

relations. The ratio of cutting forces is given especially by selected technology and geometry of cutting tool. 
The main cutting force Fc has usually the highest significance [5,6]. 

The geometric parameters of the cutting edge have a great influence on the cutting forces. For machining 

forces, the limiting effect is primarily the rake angle. This angle has a higher influence on passive and feed 

force. These cutting forces will increase with increasing rake angle. Finally, the angle of cutting edge and the 
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edge radius of the cutting edge affect the size and distribution of cutting forces. The increasing feed force Ff 

and the decreasing passive force Fp with increasing angle κr are determined by the rotation of their resultant 

Ffp. The positive geometry of the cutting tool in combination with the straight face ensures lower cutting forces 

and heat generation and generally better chip forming. The disadvantage of this geometry is its lower strength. 
The cutting forces are shown in Figure 1. [6] 

 
Figure 1 The influence of angle κr on distribution of cutting forces [6] 

From the point of microgeometry view of cutting tool, there are sharp-edge, rounded and chamfered edge. The 

shape radius edge provides low cutting forces, decrease danger of creation of build-up edge. Despite, the 

machining process could be unstable, and the cutting edge can be damage and durability of cutting tool is 

shorter [7,8]. 

3. EXPERIMENTAL ACTIVITY 

Experimental activity deals with turning of aluminum alloy marked EN AW-2014. Exchangeable cutting inserts 
marked CCGT 120408-AL, which are shown in Figure 2, and they were chosen for machining aluminum alloy. 

These inserts have positive geometry suitable for machining of non-ferrous materials. [9] The geometry of 

cutting inserts was repaired by mechanical method uses nylon cylindrical brushes with a circular cross-section 

of fibres to modify the tool edge. Osborn brushes with a SiC abrasive (120μm grain size) were used for 

rounding the cutting edge with this method. By cutting edge preparation were obtained cutting edge radius in 

range 0-5 μm, 10-15 μm and 20-25 μm. 

 
Figure 2 Use cutting insert CCGT 120408-AL [10] 

The cutting edge radius 0-5 μm is considered as a very sharp cutting edge, which avoids creation of build-up 

edge and decrease of size of cutting forces. Disadvantage of this cutting edge is relatively low strength and 

chipping while machining. The optical microscope Alicona Infinite Focus G5 was used for getting information 
about cutting tools geometry, roughness of surface and factor K of symmetry. Additionally the magnified 

images of cutting tool edge were taken by EDX microscopy. The real measured values of cutting edge are 
shown in Table 1. 
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Table 1 Used cutting edge  

  
Edge radius 0-5 μm Edge radius 10-15 μm Edge radius 20-25 μm 

   
rn = 3.6 μm rn = 13.8 μm rn = 23.1 μm 

αo = 7.02° K = 0.65 αo = 6.98° K = 1.20 αo = 6.94° K = 1.31 

βo = 59.72° Ra = 0.73 μm βo = 61.36° Ra = 0.17 μm βo = 59.99° Ra = 0.28 μm 

γo = 23.25° Rz = 3.66 μm γo = 21.65° Rz = 1.06 μm γo = 23.06° Rz = 1.01 μm 

Cutting parameters were determined for safety machining non-ferrous materials and their alloys. The turning 
of aluminum alloy was realized in constant cutting velocity vc = 1000 m·min-1 and depth of cut ap = 2 mm. 

Variable parameter was value of feed f, which was selected 0.2 mm and 0.4 mm. The dynamometer KISTLER 

919AA was used for determination of the influence of microgeometry of cutting tools on dynamic load machine 

system. The value of cutting force can change during machining therefore the measured results were 

statistically evaluated. 

4. EVALUATION OF THE RESULTS 

In Figure 3, there are shown the results of cutting forces for different cutting edge radius and for the both 

feeds. The measuring of cutting forces was in interval where the start and end of the machining were not 

considered. 

 
Figure 3 Records of cutting forces for the both feeds 
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Ten values were selected from the interval where the process was stable and there was minimum deviation. 
In Figure 4, it can be seen that with the increasing edge radius of cutting tool, size of cutting forces increase 

considerably. Even though the size of edge radius differs in tens of micrometres, the resulting values between 

forces reached a difference of up to 40 N. 

 

Figure 4 The comparison of feed rates with different edge radius 

The same statement was confirmed for the second case. From the statistically processed values of the cutting 

forces, it can be seen that the double value of the feed of cutting tool has a significant influence on the cutting 
forces with regards to edge radius of cutting edge. The main cutting force Fc and feed force Ff achieved twofold 

values in comparison with lower feed 0.2 mm. The passive force Fp hadn’t such influence on machining. During 

machining by cutting tool with the sharp edge the passive force was measured negative. It was influence by 
angle κr (95°). The vibration amplitude for passive force was measured during machining with higher feed. 

The size of edge radius of cutting edge has the influence on chip forming tool, as see in Figure 5. In condition 

of sharp radius edge, the chip was curled coiled small radius and it was not winded up on cutting tool. The 

cutting tool with the biggest edge radius formed continuous chip, which was winded up on cutting tool. The 
chip forming was accompanied by dynamic process. 

 

Figure 5 Chip forming rn = 0-5 μm and rn = 20-25 μm 
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5. CONCLUSION 

Experimental activity focused on the influence of microgeometry of cutting tool during machining of aluminum 

alloy EN AW-2014 with regards on dynamic load of system. The exchangeable cutting inserts marked CCGT 

120408-AL are suitable for machining of non-ferrous materials and their alloys. The sharp geometry is 

recommended for machining of aluminum alloys due to avoid of creation of build-up edge and decrease of 

wear of the cutting tool. The sharp edge ensures low cutting forces. The cutting edges of the inserts were 

modified by mechanical method brushing to value of radius edge 0-5; 10-15 and 20-25 μm. 

For safe turning were proposed cutting parameters. The inserts were tested in constant cutting velocity and 

depth of cut. The variable parameter was feed of cutting tool. Stationary dynamometer KISTLER was clamped 
on cutting tool throughout of machining. The evaluated parameters were main cutting force Fc, feed force Ff, 

passive force Fp and force F. 

The results from measurement confirmed that the sharp edge radius 0-5 μm ensures low cutting forces. 
Especially, for the main cutting force Fc and feed force Ff, the differences were about 40 N for different edge 

radius. The passive force Fp that causes the bend of the workpiece, it achieved small negative values. It was 

caused by combination of angle κr, sharp geometry with big rake angle and present of the bevel. The sharp 

cutting edge will have the positive influence on strengthening or else residual stress for materials, which are 

susceptible to deformation strengthening, e.g. nickel alloys or stainless steel. Due to higher value of the feed 

(feed rate of cutting tool) was caused twofold increase of cutting forces, especially main cutting force and feed 

force.  

Suitably chosen geometry and microgeometry of cutting tool with combination of cutting parameters and 

machined material has significant positive influence on whole process machining. It is supported correct chip 

forming, size of cutting forces, increase of durability of cutting tools, quality of machined surface etc. Preparing 

of microgeometry of cutting tool has irreplaceable place in the field of machining.  

ACKNOWLEDGEMENTS   

Article has been done in connection with projects Education system for personal resource of 
development and research in field of modern trend of surface engineering - surface integrity, reg. no. 
CZ.1.07/2.3.00/20.0037 financed by Structural Founds of Europe Union and from the means of state 

budget of the Czech Republic and by project Students Grant Competition SP2018/150 and 
SP2018/136 financed by the Ministry of Education, Youth and Sports and Faculty of Mechanical 

Engineering VŠB-TUO. 

REFERENCES 

[1] DENKENA, B., FRIEMUTH, T., FEDORENKOAND, S. and GROPPE, M. At the cutting edge, the money is 
earned. New parameters for characterizing the cutting edge geometries of cutting tools. 2002. Tools special 

edition of the magazine Production. pp. 24-26. 

[2] MARTIKÁŇ, P., CZÁN, A., HOLUBJÁK, J., VARGA, D., MARTINČEK, J. and CZÁNOVÁ, T. Verification of new 

method of determining the roughness parameters for rotational turning with non-linear cutting edge. Procedia 
Engineering. 2017. vol. 192, pp. 563-568. DOI: 10.1016/j.proeng.2017.06.097. ISSN 18777058. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S1877705817326437. 

[3] NESLUŠAN, M., MIČIETA, B., MIČIETOVÁ, A., ČILLIKOVÁ, M. and MRKVICA, I. Detection of tool breakage 

during hard turning through acoustic emission at low removal rates. Measurement. ELSEVIER SCI LTD, 

2015, 70, 1-13. DOI: 10.1016/j.measurement.2015.03.035. ISSN 02632241. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0263224115001815 

[4] RODRÍGUEZ, C.J.C. Cutting edge preparation of precision cutting tools by applying micro-abrasive jet machining 

and brushing. Kassel: Kassel Univ. Press, 2009. ISBN 9783899587128. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1800 

[5] MRKVICA, I., OCHODEK, V., JANOŠ, M. and SYSEL, P. Tension in surface layer of workpiece by different tool´s 

geometry. Advanced Materials Research, Progress in Materials and Processes. 2012, vol. 602-604, pp. 1689-

1692. ISSN 1022-6680 (1662-8985). 

[6] BRYCHTA, J., ČEP, R., SADÍLEK, M., PETŘKOVSKÁ, L. and NOVÁKOVÁ, J. New directions in progressive 
machining. Editorial centre. VŠB - TU Ostrava, 2007. ISBN 978-80-248-1505-3. 

[7] DE VOS, P. Handbook for technologist: Process of metal cutting - influence geometry. MM Spectrum [online]. 

2012. vol. 9, no. 132 [cit. 2018-05-12]. Available from: https://www.mmspektrum.com/clanek/prirucka-pro-

technology-proces-obrabeni-kovu-vliv-geometrie.html. 

[8] HRONEK, O., ZETEK, M., BAKŠA, T. and ADÁMEK, P. Influences of holders speed on the cutting edge during 

drag finishing. Manufacturing Technology. 2016. vol. 16, no. 5, pp. 933-939. ISSN 1213-2489. 

[9] IST, G., NOUARI, M., GÉHIN, D., GOMEZ, S., MANAUD, J.P., LE PETITCORPS, Y. and GIROT, F. Wear 

behaviour of cemented carbide tools in dry machining of aluminum alloy. Wear. 2005, vol. 259, no. 7-12, pp. 

1177-1189. DOI: 10.1016/j.wear.2005.02.056. ISSN 00431648. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0043164805001602. 

[10] Cutting inserts: CCGT 120408F-AL. E-catalogue PRAMET TOOLS [online]. Šumperk, 2016 [cit. 2018-04-03]. 

Available from: https://katalog.mav.cz/detail.php?id=86422. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1801 

THERMAL IMAGING ANALYSIS OF THE STRUCTURE OF MULTILAYER CERAMIC MOULDS 

Krzysztof ŻABA 1, Maciej ŻYBURA 1, Ryszard SITEK 2, Sandra PUCHLERSKA 1  

1AGH - University of Science and Technology, Faculty of Non-Ferrous Metals, Cracow, Poland, EU, 

krzyzaba@agh.edu.pl, zyburamaciej@gmail.com, spuchler@agh.edu.pl 

2Warsaw University of Technology, Warsaw, Poland, EU, rsitek@inmat.pw.edu.pl 

Abstract  

The paper presents the results of research aimed at the use of thermal imaging as the method of assessing 

changes in the structure of multi-layered ceramic forms, intended for the investment cast parts of air blades. 

Analysis of infrared radiation allows to notice anomalies resulting from incorrect temperature distribution, 

which, in combination with other methods of quality control, creates the possibility of developing an innovative 

system for monitoring unit processes of producing jet engine components. FLIR T640 thermal camera and 

dedicated FLIR software was used for the tests. The moulds were heated in a laboratory dryer to the 

temperature of about 200 °C, and then changes in radiation intensity were registered. The image generated 

by the camera served as input for analysis with use of Research IR software. As a result, of research and 

analysis, the relationship between the thickness of the moulds wall and the percentage decrease in 

temperature over time was determined and a comparative analysis of thermal images with prepared castings 

of the blades was carried out in order to detect visible real defects. The paper presents also innovative test 

bench, which feature is active thermovision equipment. Test stand was used to create comparison analyze 

between thermo-images from passive and active laboratory tests. Results of these tests lead to continuation 

of research in field of using thermovision methods as a new way to check quality of multi layered ceramics 

moulds. 

Keywords: Thermovision, ceramic moulds, metal cast, aviation, non-destructive testing 

1. INTRODUCTION  

Thermovision is an advanced technique based on physical process of detecting a wave of a certain length, 

which directly leads to non-contact temperature measurement. This technique is based on the detection of 

infrared radiation, which is a type of electromagnetic wave, of a length higher than the visible light. All objects 

with temperature over absolute zero transmit beam of infrared radiation. Due to the fact that the human eye is 

not able to register infrared radiation, thermal imaging cameras are used for this function [1]. There is  

a separation into passive and active thermography. Passive thermovision is based on observing the object 

without interfering in the object during the measurement. In the case of active thermal imaging, observations 

going in object in which dynamic changes are made, it is possible because of external signals. The object can 

be activated by: vibrations, IR radiators, halogen lamps, hot or cold air and others. The actions caused by the 

mentioned signals lead to the supply of heat energy to the object, and thanks to that, a controlled temperature 

measurement of the tested object can be made, simultaneously with observing of possible anomalies [2]. 

Among the non-destructive tests, the thermovision is the only one that allows observations of objects in real 

time when temperature is change in them. Thermovision in various configuration, both active and passive [3], 

is used in many fields, including non - destructive testing of ceramic materials such as concrete [4]. Production 

is an important field of thermovision applications because temperature anomalies can indicate potential 

hazards that can be detected and repaired early enough. Thanks to the control of individual parts of the 

processes, many quality errors can be prevented in a non-invasive way. Thermo analysis was used by Dresser 

[2] to inspect printed circuits to detect non-soldering joints. Medicine is another field of application. Tomasz 

Rok and others worked on the analysis of the image from the thermal imaging camera in order to create an 
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alternative way of detecting allergies by observing the temperature changes on human skin subjected to 

allergens [5]. In the construction industry, thermovision has already been used for long time e.g. for the analysis 

of steel elements in reinforced concrete [6]. Thermovision is also used in the automotive industry [7], historical 

research [8-9], agriculture [10], paper industry [11], as well as in the maintenance in production and service 

plants [12]. The authors of this publication used thermovision in the application of NDT testing. Camera was 

used to detect potential defects of multi-layer ceramic moulds for precision casting. Thermovision can be a 

type of non-destructive testing in an industrial application, and in combination with other NDT tests, can be a 

part of a system to effectively detect defects before metal casting. In the era of growing demand for aircraft 

engines parts, complicating the process by introducing an additional quality control process is troublesome, 

however in the case of thermovision it is possible to handling research during the mould making process and 

to detect defects ongoing. In the case of ceramic forms, it is important to develop a universal testing method 

that allow for quick and effective measurements without invasion into the casting production process. This is 

very important because casting of air blades involves the use of expensive nickel or cobalt alloys which is why 

it is important to know whether the ceramic form has the right parameters and whether the cast made of it will 

be free from defects.  

2. METHODOLOGY  

For the production of ceramic moulds, mixtures of ceramic powder, water or alcohol binder and other 

ingredients providing the required properties were used [13]. The forms created for the needs of the research 

are structures composed of layers applied on a wax model set, consisting of four model blades. The ceramic 

mixture based on quartz sand combined with alcohol binder was used to make moulds with different layer 

thickness. To achieve that, different number of ceramic layers were applied on wax model. There was 1, 3 
(Figure 1 - A), 5 (Figure 1 - B) and 7 (Figure 1 - C) layers applied, where the single-coated part of form was 

not tested. In order to determine the thickness of individual layers, the 3D scanning method was used. 
Digitization of real objects was made using GOM ATOS CORE scanner (Figure 2). Subsequent scans of the 

model set and finished form were made.  

  

Figure 1 Ceramic form A - 3 layers, B - 5 layers,  

C - 7 layers 

Figure 2 Diagram of digitizing the ceramic form 

using the GOM ATOS CORE system 

The collected data was superimposed on each other which allowed to determine the exact thickness of  

the form and its variation depending on the number of layers. These data served as a reference to the 

thermographic analysis. The assumption of thermovision studies under this article was to determine  

the percentage temperature drop in time for a given thickness of the ceramic layer. This type of test can be 

used to analyze anomalies in mould thickness in industrial conditions by using only the thermal imaging method 

without use of 3D scanning, which significantly shortened the test time. Thermovision studies were 
accomplished with a FLIR thermal imaging camera model T640 (Figure 3). The parameters of the device allow 
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for making accurate analyzes due to the high sensitivity of the matrix and good class IR detectors.  

In addition, the camera has a recording resolution of 640x480 pixels, which gives 307 200 measurement points 

per one frame of the thermal image. The tests were carried out in laboratory conditions, where appropriate 

research parameters were maintained, including: emissivity coefficient for ceramic materials - 0.95, constant 

ambient temperature of 25 °C, distance from the tested object - 1m. Ceramic moulds were heated to 

temperature 200 °C in a laboratory dryer. After removing from heating device, a motion picture from the course 

of cooling the mould in the air to the ambient temperature was recorded, and then analyzed using the FLIR 

Research IR software. Dedicated program of the camera manufacturer allows for the exact interpretation of 

the recordings made. The software allows to define clearly the analysis area and export data needed to perform 

calculations. 

 

 

Figure 3 Diagram of thermovision tests Figure 4 Ceramic form during tests 

In order to collect relevant results from conducted tests, assumptions were made which optimized the research 

method in terms of the suitability of the thermographic recordings made. The pictures were made at the proper 
angle between the camera lens and the side surface of the blade. Figure 4 shows the arrangement of the 

mould during the tests, as well as the areas that were analyzed. 

3. RESULTS AND DISCUSSION   

Using software FLIR IR Research prepared an analysis of thermal images. Figures 5-6 shows designated 

areas of research that have been analyzed to determine the drop temperature over time for different thickness 

of the ceramic. 

  

Figure 5 Areas of initial analysis Figure 6 Areas of extended analysis 

Figure 5 presents the method of narrowing the research area with lines A, B, C with the same parameters. 

Each line measures an equal number of measurement points distributed parallel along the blades of the tested 

form. As a result, it is possible to roughly investigate how the temperature distribution over time occurs for 
individual blades with different thicknesses of ceramic layers. In contrast, Figure 6 presents a thermogram 
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and selected areas of analysis that will be used to determine the percentage decrease in temperature over 

time. Each of the areas marked with letters A, B and C and numbers from 1-6 has the function of measuring 

the average temperature in this area. Data from the mould cooling process were collected for 5 minutes in 1-

minute intervals, and then the percentage accumulated temperature drop over time was calculated, taking into 

account temperature changes in each of the marked areas. The comparison of thermograms from the cooling 
process of the mould for 5 minutes is shown in Figure 7. 

 

Figure 7 Thermograms showing the process of cooling the mould 

Figure 8 shows the course of mould cooling in time. It is easy to notice that the thinner the thickness of the 

ceramic coating the temperature drops at a faster rate. Form A, consisting of 3 ceramic layers, is cooled as 

most rapidly, within 400 seconds the average temperature from the determined measuring line has dropped 

from about 179 °C to about 82 °C. Form B, consisting of 5 ceramic layers, cooled from about 193 °C to about 

119 °C at the same time. The smallest temperature drop from about 193 °C to about 140 °C was noted for 

mould C consisting of 7 ceramic layers. 

 
Figure 8 Graph showing drop of temperature during time for different thicknesses of ceramic layers 

Time (s) 

T
e
m

p
e
ra

tu
re

 (
°C

) 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1805 

The calculations were based on the data presented in Figure 9. Temperatures from each area were imported, 

and then compiled and submitted to computational analysis. Figure 10 shows the percentage cumulative 

temperature drop for each of the blade forms. 

 

 

Figure 9 Input data for calculations Figure 10 Temperature drop in 

percent 

Form A consisting of 3 ceramic layers showed an almost 14 % drop in temperature with respect to the initial 

temperature after 1 minute, Form B, 5 - layer, showed a 2 times smaller decrease by about 7.5 % and for the 

C form - 7 layers value this amounted to 4.4 %. For form A, the temperature dropped every minute by more 

than 10 % and the accumulated percentage temperature drop during the 5-minute period was 59.3 %. 

Analogously for form B, the temperature dropped every minute with oscillating values ranging from  

6.6-  7,3 %, and the final cumulative value was 35 %. Form C showed the smallest decrease, by about  

4.4 - 4.9 % every minute, and the accumulation after 5 minutes was 23.7 %. Knowing the percentage value of 

temperature drop for individual mould thicknesses, it is possible to evaluate the mould thickness only on the 

basis of thermographic analysis of the heated mould. The test consisting in heating the form and recording the 
course of its cooling allows to determine whether the form has no defects in the form of thinning or thickening 

of the material. It is important to analyze numerical data, because the analysis of a thermographic image in 

the case of such complex structures is an insufficient center giving information about the quality of the form. 

4. CONCLUSION 

The use of thermovision in various fields is becoming more and 

more popular. Thanks to the advances in technology, the 

thermal imaging camera is an increasingly common tool. Its 

application in the foundry industry for thermal imaging is an 

innovative idea that will not only eliminate foundry defects, but 

can also bring many economic benefits, both by eliminating 

quality losses and speeding up the production process. 

Comparative studies of temperature drop for different 

thicknesses of ceramic moulds will allow detection of mould 

defects in the form of thinning or thickening affecting the 

crystallization conditions of the casted material. Further analysis 

using active thermovision and collecting more data will allow for 

more complex observations that will be able to be full-value tools 

Figure 11 Scheme of active 

thermovision test bench 
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for qualitative and quantitative testing of ceramic moulds in the foundry industry. For further measurements, 
an active thermovision station will be used (Figure 11). The use of additional independent heat inductors will 

allow for the observation of dynamic temperature changes in the form. 
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Abstract 

The macroeconomic situation in the steel market has a large impact on the functioning of enterprises producing 

steel and steel-based products. Currently, global steel production continues to increase in 2017, seeing a rise 

of about 5.3 % over 2016. The absolute leader in steel production is China (about 49 % of global production), 

alongside countries of the European Union, Japan, India and USA. Overproduction is the biggest problem in 

the steel industry, which may affect the price level. Recently protectionism is a new threat which has appeared 

on the steel market. Furthermore, the philosophy of functioning of modern enterprises has also changed after 

the recent economic crisis. There is a growing need for new methods and tools to support business 

management. Also, the new concept of Industry 4.0 has attracted more and more attention all around the 

world, the main goal of which is to increase the competitive advantage of the enterprise. The assumptions of 

this concept are related to the development of the Internet of Things, cloud technology and big data. It offers 

great opportunities, but is also a big and difficult challenge. The purpose of the article is to identify the most 

important challenges that have the greatest impact on the management of enterprise in the steel industry and 

future perspectives. Particular attention was paid to the methods which increase the enterprise efficiency and 

effectiveness. Also, the main benefits and threats resulting from the introduction of the Industry 4.0 concept 

are identified. 

Keywords: Global steel production, Industry 4.0, macroeconomic situation on the steel market, efficiency  

        and effectiveness 

1. INTRODUCTION 

Many different factors influence companies operating in the steel industry. There are many methods which are 

commonly used to improve the effectiveness of processes [1-3]. Recently, macroeconomic changes in the 

steel industry have been very intense and constitute a key factor. Falling commodity prices are causing a 

strong downward pressure on steel prices. In addition, Asian countries are offering such low prices that many 

European companies are unable to compete with them. Industrial companies need a step change in terms of 

competitiveness, innovation and efficiency to gain competitive advantage on the market. Currently the 

business world is undergoing transformation. The steel industry is strongly influenced by the demand reported 

by steel buyers and the situation in the their industries. Almost half of the steel produced globally goes into 

buildings and infrastructure. In addition, steel is used in mechanical equipment and the automotive industry. 

Steel overproduction is the biggest problem in the steel industry, which may affect the price level. Currently, 

global steel production increased in 2017 by about 5.3 % over 2016 [4]. Recently, a new threat appeared on 

the steel market - protectionism, which introduces important state-owned economies. In addition to 

macroeconomic factors, especially after the recent economic crisis, the philosophy of functioning of modern 

enterprises has also changed. There are new concepts which can have an big impact on companies from the 
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steel industry. The Industry 4.0 is the newest example. It was created in Germany, the main goal of which is to 

increase the competitive advantage of enterprises. The assumptions of this concept are related to the 

development of the Internet of Things, cloud technology and big data. It offers great opportunities, but it is also 

a big and difficult challenge. The question arises to what extent will it affect steel companies? 

The circular economy also has a large impact on the steel market, which postulates primarily minimizing the 

environmental impact of the products created by such a selection of materials and design that will enable their 

re-use. As a result, the demand for steel can be reduced. The steel industry is characterized mainly by high 

energy consumption and significant emission of dust and gas pollution [5]. Hence, an important aspect in the 

steel chain is control and reduction of costs related to environmental protection.  

The purpose of the article is to identify the most important challenges that have the greatest impact on the 

management of enterprise in steel industry and future perspectives. Particular attention was paid to the 

methods which increase the enterprise efficiency and effectiveness. Also, the main benefits and threats 

resulting from the introduction of the Industry 4.0 concept and circular economy are identified. 

2. THE LARGEST STEEL PRODUCERS IN THE WORLD 

The largest steel producer in the world is China. Its share in global production is almost half of global steel 

production (over 49 %). Among the rest, steel is mainly produced by the European Union countries, Japan, 
India, USA, South Korea, Russia, Turkey and Brazil, as shown in Figure 1. 

 

Figure 1 World's largest producers of steel [6] 

Dynamic growth of crude steel production in China has been observed since the 1990s. China's competitive 

advantage on the steel market is huge in both production capacity and price. The following factors have 

contributed to such a large development of steel production [7,8]: 

• growth in the automotive sector which causes an increase in demand for steel, 

• government supports state-owned enterprises and secures long term production, and also helps to 

eliminate surplus capacity. 
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3. THE CURRENT SITUATION IN THE STEEL INDUSTRY IN THE GLOBAL MARKET AND TRENDS 
IN BUSINESS MANAGEMENT 

The macroeconomic situation in the steel market has a significant impact on the functioning of enterprises 

producing steel and steel-based products. Main megatrends which have a big influence on the steel sector are 

at present [9]:  

• global steel demand growth, caused rather by cyclical than structural factors, 

• China deceleration, 

• uncertainties related to the US economic policies and normalization of monetary policies in developed 
economies, 

• continued geopolitical conflicts, 

• financial market bubble and debt problem, 

• rising trade protectionism, 

• receding globalism, etc. 

The steel industry's biggest problem is currently the overproduction of steel, which can significantly affect the 

price level. Global steel production increased in 2017 by 5.3 %. China, which is currently the leader in steel 

production, produced 831.7 million metric tons of crude steel in 2017, or 5.7 % more than in 2016. Japan, 

however, produced 104.7 million tons, or 0.1 % less than a year earlier. India produced 101.4 million tons of 

steel, or 6.2 % more than in 2016 [4]. 

Recently, a new threat has appeared on the steel market - protectionism. Although the analysis of data on the 

use of protectionist practices shows a smaller number of such cases every year, the threat of protectionism is 

growing, as the world's major economies are beginning to use such tools to protect their markets. 

In addition to macroeconomic factors, after the recent economic crisis, the philosophy of functioning of modern 

enterprises is also changing. There is a growing need for new methods and tools that give the opportunity to 

gain a competitive advantage in the market. In particular, two new concepts can have a huge impact on steel 

companies: Industry 4.0 and Circular Economy. 

The concept of Industry 4.0 was created in Germany in 2011 as a response to very strong competition from 

the Middle East. The Industry 4.0 concept seems to be an interesting proposition for steel sector and may 

increase their global competitiveness to a great extent. The main goal of this concept is to increase the 

competitive advantage of enterprises through the use of very modern, innovative solutions based on 
automation and technologies such as Internet of Things, cloud technology and big data.  

The concept of Industry 4.0 implies that production is dominated by Internet-connected machines (so-called 

Internet of Things / IoT). The impact of man on the manufacturing process is greatly reduced. Machines 

dominate all aspects of product manufacturing. Machines associated with advanced software are beginning to 

collect production data in real-time and provide real-time error correction. Self-control of machines enables the 

design of automated supply chains, where delays are discovered and regulated in the near future. Connecting 

all machines to the internet ensures that the software that monitors the consumption of machines and 

equipment will immediately indicate the correct servicing time. The life cycle of products should be drastically 

shortened [10,11]. 

The very modern factories built according to Industry 4.0 can revolutionize the current approach to production. 

Such enterprises will create new supply chains with incomparably greater flexibility and efficiency. Therefore, 

there is a high probability that companies, which do not implement the assumptions of the Industry 4.0 concept 

will be automated or modern enough to belong to such chains in a few years. Hence, there is a strong pressure 

to introduce this concept in production practice and the need to create procedures for implementing the 

Industry 4.0 concept. 
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Industry 4.0 offers many development opportunities, but it is also a big and difficult challenge. As the own study 

shows the main barriers of implementing the assumptions of Industry 4.0 into production practice are: 

• very high cost of production automation (e.g. modern machinery, specialized software, etc.), 

• lack of capital (especially in medium enterprises), 

• risk of too low return rate, 

• risk of liquidity loss. 

Particular attention should be paid to two key areas both technical and financial. Especially in the group of 

medium-sized enterprises, which have much smaller capital and have very limited possibilities of obtaining it, 

the implementation of this concept raises the risk of losing financial liquidity and too low rate of return. The key 

issue is therefore linking the stages of its implementation with the monitoring and control of financial and non-

financial indicators in the most important areas in order to reduce the risk associated with the introduction of 

Industry 4.0.  

The implementation of Industry 4.0 is a big challenge for industrial companies, which produce steel. They 

have to change their strategy completely and overcome many barriers. As the research indicates, changes 

must be made within four areas [12]: 

• 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 

[13], 

• collaboration with other companies - building relationships and competencies with other companies that 
will allow joint manufacturing of products in the network of companies that make up the smart factories. 

The second concept, which has a huge impact on the steel industry is circular economy. According to this 

concept the value of products and materials is maintained for as long as possible. Waste and use of resources 

are minimised. There is a rule applied that states that the product, after the end of its life, should be used again 

and creates further value. Such a rule brings benefits for economy and can lead to [14]: 

• preserve resources (including especially some which are increasingly scarce, or subject to price 

fluctuation), 

• save costs for European industries, 

• unlock new business opportunities, 

• build a new generation of innovative, resource-efficient European businesses.  

The promotion of the circular economy principle and environmental challenges will lead to growing reuse of 

steel and could cause a lower steel intensity of GDP [4], but it is a significant risk for the steel industry. Circular 

Economy impact on steel demand can be [9]: 

• lower steel intensity, 

• longer life of steel containing goods,  

• reduced demand for steel containing goods,  

• lower scrap availability,  

• increased scrap supply.  

The presented changes bring about the need to introduce methods that will allow monitoring and controlling 

on a continuous basis, on the one hand, the implementation of technical, modern solutions, and on the other 

hand the costs, effectiveness of these implementations and the liquidity of the company. In addition, the steel 

industry should be aware of the control of costs related to environmental protection [15-17]. 
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4. CONCLUSION 

At present, steel is mainly produced in Asia, the European Union and North America. China is a leader in the 

production and export of steel. Almost half of steel production is owned by China. Steel is used in buildings 

and infrastructure, mechanical equipment and automotive manufacturing. 

The analysis of the macro-economic situation of the steel industry presented in the article showed that the 

market conditions are currently changing very dynamically. It is a time of great challenges. There is receding 

globalism and rising trade protectionism. Countries such as the USA, Germany, Switzerland and the United 

Kingdom are beginning to protect their own steel markets. Such policies are causing increasing unpredictability 

on the market. Difficulties in estimating demand and prices can be particularly severe for enterprises. 

There are chances for the development of European enterprises in the steel sector, but only if major changes 

are made to significantly improve their competitiveness and innovation. The concept of Industry 4.0 and circular 

economy creates great opportunities. However, the Industry 4.0 concept is a big challenge that requires huge 

changes in four main areas: 

1) technical infrastructure - demand for machinery and equipment, 

2) automation of device operation and communication between them, 

3) employee competences - the skills of employees needed to control an automated manufacturing system, 

4) collaboration with other companies. 

According to research carried out by the authors of the article, the introduction of the Industry 4.0 concept into 

production practice is associated with high costs and high risk of loss of liquidity or insufficient return on 

investment. This problem is particularly visible in the group of medium-sized enterprises, which have 

considerably lower capital than large enterprises. Many of them are not able to create modern future factories 

themselves, so they must cooperate with other enterprises in order to create them together (types of industrial 

networks). Therefore, there is a need to create a system of indicators, thanks to which it is possible to 

constantly monitor and control the effectiveness of the implementation of the Industry 4.0 concept. 
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Abstract 

The article describes a case study of internal transport solutions for persons of executive managers, 

dispatchers, maintenance staff, referents in the company spread over large premises of technological facilities, 

warehouses, administrative buildings, managerial centers, transport routes (metallurgical complex, chemical 

factory) where passenger cars are needed for staying and communicating. The solution can be to assign them 

to personal service, which often leads to inefficient use for capacitive and economic reasons. The headquarters 

system of the internal taxi service on the basis of detailed frequency, performance and time analysis and 

analysis of shipments between individual objects can be more economical and more efficient solutions, 

especially for large industrial enterprises. 

Keywords: Metallurgical enterprises, internal transport of persons, MK-TAXI 

1. INTRODUCTION 

Metallurgical enterprises, due to large aggregate sizes, large production volumes, large volumes of stored raw 

materials, transport routes, media distribution are occupying several kilometers of squares [1-3]. The provision 

of transport of workers within their premises from the entrance hub is mostly realized by bus transport. 

However, the movement of managers, controllers, maintainers, etc., is being realized by personal cars whose 

use is inefficient. This article describes one of the possible solutions, reducing the cost of personal transport 

of persons, while maintaining flexibility [4-7].The article case study deals with a solution in an enterprise where 

production technology, warehouses, transport system is allocated in the area about 5 x 2 km. Senior 

management works in the HQ building on the edge of this area, but middle non-productive management and 

most of the administration works in the administrative center (AC) distant from HQ about 2 km outside the 

production area. Part of foreign middle management lives in a hotel (DT) situated about 20 km from HQ (see 
Figure 1) [1]. Carriage by passenger cars shall in particular ensure the following transport operations: 

• Transportation of personnel (managers, maintenance staff, officers) within the technological area. 

• Transport of persons between AC and HQ (meetings, negotiations, consultations...). 

• Ensuring transport to and from work between DT and HQ, especially in the morning from 7:00 - 8:00 

hours and in the afternoon between 15:00 - 17:00 hours. 

 
Figure 1 Layout of investigated objects of metallurgical company 
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Mid-level managers, referents, maintenance staff were assigned for the personal use 386 passenger cars. The 

cars were leased from the leasing company. In addition to these cars, top managers also had more than 100 

pieces of passenger cars available, but the solutions did not concern these cars. The goal of the project solution 

was to leave the cars in the personal use of the groups to the workers who use cars efficiently (the efficient 

criteria of the efficient car use were defined by the top manager responsible for the transport in the company). 

Other workers who do not meet the criteria will be returned cars to the leasing company. However, it is 

necessary to design a transport system that will ensure their transport needs, but at a lower cost and thus also 

environmental impacts [8-10]. 

2. ANALYSIS OF PASSENGER CAR USE 

For the purposes of the project, statistical analysis, frequency of use of cars, mileage, as well as analysis of 
the number of cars currently used were applied (see Figure 2) [1]. Each car has its "driving orders book”. We 

come out of the assumption that the project was implemented in year N. Since staff using cars for personal 

use did not know that such a project would be solved, we assume that N - 1 year behaved naturally and that 

cars used ulcers when they really needed to secure the operation of the company. From the travel instructions, 
the year N - 1 was selected for information: car number, mileage, driving time, from-to, reason for use. 

Following the agreement of the company's decision-makers and the management of the company, the criteria 

for the keeping of cars for personal use by the workers were set: 

1) If the car was used at least 8 times a week - C1J. 

2) The car has driven an average of more than 60 km per week - C2J. 

3) The car was used more than 5 times while driving more 40 km per week - C3J. 

 
Figure 2 Sequence of analysis steps of the use of passenger cars 

Frequency analysis 

From the drive database, every week for every car J the frequency (the average number of car uses) C1J was 

calculated. Those whose if C1J > 8 the car J remained in the personal use of the worker (P1). 

Power analysis 

From the drive database, the average number of km C2J was calculated. Cars with C2J > 60 remained in 

personal use of workers (P2). 
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Multiplied analysis 

It analyzes the use of cars in terms of the logical component of both the previous criteria of frequency and 
power. If the car J is P1 > 5, and at the same time P2 > 40, the car is left in the personal use of the P3 worker. 

Criteria C1J, C2J, C3J fulfilled P cars: P = P1 + P2 + P3. In this case, it was P = 67 cars. In addition to these 

analyzes, transport analyzes were carried out between the HQ, AC and DT objects whose methodology and 

results are described in the design part of article. 

3. DESIGN OF THE NEW PASSENGER TRANSPORT SYSTEM 

Up to 40 % of all off-site transfers have been made between AC and HQ between 8:00 and 14:00, because 

most of the administration and management are working on the first shift. Transport between DT and HQ resp. 

DT and AC is from 6:30 to 8:00, and back in time between 15:00 and 17:00. This resulted in the proposal: 

1) Transport between DT and HQ, respectively DT and AC is realized by a ten-place minibus that sails 3 

times in the morning from 6:30 to 8:00 hours from DT to HQ and AC and from 15:00 to 17:00 hours 

returns to the transport of workers. 

2) From 8:00 to 15:00 the same minibus operates as a shuttle between AC and HQ within 20 minutes. 

3) The transport solution within the metallurgical plant's technological area but also between HQ, AC and 

DT is realized in the form of its own taxi service (MK-TAXI). The question is how many taxi cars are 

needed to ensure an adequate level of transportation. To determine the number of MK-TAXI cars, a 

time analysis of the database of journeys was processed to determine how many cars were used 
concurrently throughout the day. The results are captured in Figure 3, which states that at most, about 

6 cars were used at the same time: From 3 to 6 cars were used in the time between 7:00 and 10:00 

hours; At the other time, less than 2 cars were used at the same time. 

 

Figure 3 Current car use curve during the day 

From the above, the proposal has resulted in: 

• At the time of the first shift from 7:00 to 15:00 will provide the operation of MK-TAXI 6 cars. 

• During the second and the third shifts 2 cars will provide the operation of MK-TAXI, which also provide 

emergency transport. 
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Passenger handling: 

• The MK-TAXI will be managed by the Central Dispatcher Department of the metallurgical enterprise. 

The transfer requester calls the MK-TAXI number, where it defines: the place where the requires, the 

type of car and the time of arrival. The MK-TAXI dispatcher will provide a car for this transfer. 

• The minibus will have its own fixed timetable and will be controlled by the Metallurgical Transport 

Department of the company. 

4. CONCLUSIONS 

Implementation of the proposed passenger transport system resulted in a return of about 300 passenger cars 

to the leasing company. For the operation, car insurance, maintenance, the cost of the first year after 

application was reduced about 1.3 million €, even taking into account the wages of 9 drivers. In the second 

year, a stable saving was set at 0.8 million €. This case study highlights the possibility of an effective solution 

for in-person passenger transport for large-scale enterprises. Each enterprise is specific, but the idea and 

methodology is applicable in enterprises of a similar nature (and was applied in two other enterprises). 
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Abstract  

The paper deals with attributes control charts, especially with the control charts for fraction nonconforming, 

and their use in retrospective analysis of a process. Several forms of these charts are applied in a case study. 

The study concerns the occurrence of defects, especially the deformations on hot-rolled wire manufactured on 
the wire rod mill at Arcelor Mittal Ostrava a.s. Number of wire coils with defects is of interest. P charts are used 

to identify subgroups with an inflated fraction nonconforming that could distort results of evaluating differences 

in fraction nonconforming between steel grades, hot-rolling temperatures, and wire diameters.  In addition, it 
is shown how to modify the traditional p chart in the case when a substantial part of the points fall outside 

control limits due to large subgroup sizes. 

Keywords: Outliers, p chart, Laney’s chart, hot-rolled wire, deformations  

1. INTRODUCTION 

In the present highly competitive business environment, it is necessary to monitor and reduce the occurrence 

of nonconformities in production processes. During production of hot-rolled wire, nonconformities of two kinds 

occur: wrong dimensions of the produced wire and defects of surface and shape, among which deformations 

are most common. Diameter and ovality measurements are performed using operational or special gauges or 

specially designed control templates, nonconformities of the second kind are detected using visual inspection. 

As a part of the process analysis, intensities of nonconformities or proportions of nonconforming units under 

different operational conditions may be compared.   

Frequent practice in comparing proportions of nonconforming units at different stages of the process quality 

control is to pool nonconforming items from all subgroups within a stage and calculate the fraction 

nonconforming as a ratio of the total number of nonconforming items and the total number of inspected items 

in this stage. Statistical tests assume that population proportions are compared using random samples from 

the populations compared. So that the grouped data within a stage can be considered a random sample, the 

process homogeneity has to be verified. Attributes control charts described in [1] and in publications dealing 

with statistical process control, see for example [2] and a number of others, can serve as a simple tool. Different 

subgroup sizes and especially large subgroup sizes require a certain adjustment of the traditional control limits 

[3].  

In this paper, control charts for fraction nonconforming are applied to identify subgroups with particularly high 

proportion of wire coils with deformations before the fraction nonconforming at different temperatures, steel 

grades and wire dimensions is examined.   

2. CONTROL CHART FOR FRACTION NONCONFORMING 

When items in a production process are classified as conforming or nonconforming ones, the fraction 

nonconforming π is of interest. It is defined as the ratio of the number of nonconforming items in a population 
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to the total number of items in that population. The fraction nonconforming may be tracked on a control chart. 

Data are collected in subgroups which may be of varying sizes and the sample fraction nonconforming 
pj for j = 1, 2, ..., k, defined as the ratio of the number of nonconforming items xj to the sample size nj is plotted. 

It is assumed that the probability that any item will not conform to specification equals π, and that each item is 

independent of its predecessors. The construction of the control limits of the p chart is based on the assumption 

that the number of nonconforming items X in a sample of size n has the binomial distribution with parameters 

n and π. Its mean is E(X) = nπ and the variance is D(X) = nπ (1 - π). 

Then the sample fraction nonconforming X/n has the mean and variance 

( / )E X n π=      
(1 )

( / )D X n
n

π π−
=

 
(1) 

Usually π is estimated by 
1 1
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k k

j j

j j
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= =

= ∑ ∑ .The control limits of the p chart are based on the normal 

approximation of a binomial distribution. The centre line in the p chart corresponds to p  and the three-sigma 

limits are  [1,2]  
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Differently from a normal distribution, the binomial distribution is generally asymmetric, which may lead to some 
undesirable properties of the p chart. So that the approximation is good enough, sample sizes should be 

sufficiently large. Some recommendations can be found in literature, such as (1 ) 5nπ π− >  and 

0.1 0.9π≤ ≤ ,  or (1 ) 25nπ π− > , see [4], or 5nπ > and (1 ) 5n π− > , see [5]. 

According to [6], the sample size should be large enough so that the probability of detecting a shift of magnitude 

δ from a specified value π0 is around 0.5. Therefore 2

0 0(3 / ) (1 )n δ π π= −  . 

If a 100 % inspection of the process output is performed, sample sizes usually differ. Unless the differences 
are small, either variable control limits are constructed for each sample size nj,  
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or a standardized control chart with the plotted values zj is used, where [1,2]  
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Under the assumption pj ~ Bi(nj, π) variable zj is normally distributed, zj ~ N(0,1). Therefore the standardized 

chart has the centre line at zero and control limits at 3±  . 

When sample sizes are large, the control limits given by (2) or (4) are too narrow and the p chart is very 

sensitive to changes in π. The above charts are unusable due to the high number of points falling outside the 

limits. Laney [3] suggested the use of the chart for individuals used in control for variables where z-scores 

according to (5) are plotted. Differently from the standardized p chart, the standard deviation σz of z-scores is 

not assumed to be equal to 1 but it is estimated in the same way as in the charts for individuals, i.e. using 

moving ranges    
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1| |j j jR z z −′ = − ,     j = 2, ..., k (5) 

The estimated standard deviation is  

ˆ /1.128z Rσ ′=  (6) 

where 
2

1

1

k

j

j

R R
k =

′ ′=
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To detect overdispersion in attribute data when the observed variability is greater than would be expected 

under binomial assumptions, the graphical method introduced in [7] and implemented for example in Minitab 

can be used. The method involves transforming the data and using the normal probability plot. If the ratio of 

the observed variation and the expected variation exceeds the empirically determined 95 % upper limit, the 

use of the Laney’s chart is appropriate. Details are given in [7]. 

3. RETROSPECTIVE ANALYSIS 

In most control charts the sample fraction nonconforming is plotted over time to determine whether a process 
is stable. However, the p chart can have an additional use; it may serve as a tool of exploratory analysis to 

identify outliers before a subsequent analysis is performed. For example, if the fraction nonconforming under 

different operating conditions in short-run processes is to be compared and data from individual runs are 

grouped, it is not advisable to compare the run averages and ignore the within-group variation of the fraction 

nonconforming.  

Under the assumption that all nj are sufficiently large, the proportions in K populations can be compared using 

the chi-square test with the statistic [8] 
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with the critical region

 
1| |u u α−≥ . Another test statistic based on the range of the arcsine transformations of 

the observed proportions is introduced in [9].  

Different process runs may be characterized by combination of several factors and effects of these factors on 

the fraction nonconforming may be of interest. In such cases ANOVA can be used. F-test in ANOVA is based 

on the assumption of normal distribution and homogeneity of variances. If applied on subgroup proportions, 

departures from these assumptions may be large. The possible solution is the use of a transformation [2,5]. 

The most simple one is arcsin p .  

4. CASE STUDY 

Data come from daily reports summarizing the results of monitoring nonconformities in the production of hot-

rolled wire at Arcelor Mittal Ostrava a.s. According to customer requirements, different parameters of the wire 

rolling process are set. To ensure required mechanical properties, steel grades C36R or C39 according to DIN 
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59 110 are used. Another important parameter is a hot rolling temperature. The higher temperature (1,000 °C) 

is used to provide better mechanical properties of rolled wire, the lower temperature (820 °C) is used when a 

fine steel microstructure is preferred. The orders with two most common values of a diameter were chosen: 

5.5 mm and 9 mm. 

The wire is winded into coils weighing from 2 to 2.9 t. The coils from the same heat form a subgroup. Subgroups 

vary in size due to different volumes of production orders and 100 % inspection. Deformations of the wire 

influence the smooth unwinding of the coils and its further processing. Wire coils with deformations are 
considered nonconforming units and therefore the p chart for fraction nonconforming was applied. 

The different process stages are characterized by three parameters: the steel grade, wire dimension and 

temperature. Combinations of three process parameters are referred to as experimental conditions and they 
are described in Table 1.  

Table 1 Experimental conditions (stages in control charting)   

Stage 1 2 3 4 5 6 7 8 

Temperature (°C) 1,000 820 1,000 820 1,000 820 1,000 820 

Steel grade C36R C36R C39R C39R C36R C36R C39R C39R 

Dimension D5.5 D5.5 D5.5 D5.5 D9 D9 D9 D9 

Number of heats 97 33 18 24 69 36 49 63 

Total number of coils 12,656 3,825 1,372 2,062 8,519 4,696 5,530 7,773 

First the variation between heats within the same experimental conditions was examined through a p chart. 

The p chart was arranged in stages - subgroups belonging to the same experimental conditions formed a stage 

(see Figure 1) with its own centre line. Due to large differences between subgroup sizes the charts with 

variable limits had to be constructed.  
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Figure 1 P chart     Figure 2 Standardized p chart 

The chart in Figure 1 clearly indicates the difference between the fraction nonconforming in D5.5 (stages 1 to 

4) and D9 (stages 5 to 8). The existence of differences between two steel grades or two temperatures is not 

obvious and must be investigated using a statistical test. However, the chart above all revealed that in some 

stages several subgroups have an extremely large fraction nonconforming. For a better visualization of outliers, 
a standardized version of the p chart was used (see Figure 2) and subsequently the subgroups exceeding the 

upper control limit were removed. 
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Subgroup proportions pj were transformed using the arcsine transformation mentioned above and 3-factor 

ANOVA was applied. The results are shown in Table 2. Only the rows for main effects are displayed; no 

interaction was significant (the least P-value was 0.4397). 

Table 2 ANOVA on transformed data, main effects   

Source Sum of Squares Df Mean Square F-Ratio P-Value 

 A: Temperature 0.0107 1 0.0107 2.40 0.1225 

 B: Steel grade 0.0512 1 0.0512 11.51 0.0008 

 C: Dimension 0.7885 1 0.7885 177.08 0.0000 

It can be seen that the main effects of the steel grade and diameter are significant, whereas no significant 

difference in fraction nonconforming at different temperatures has been proved. 

If we want to investigate only the effect of temperature assuming that the existence of the effects of steel grade 

and diameter is known, the u-test according to (8) should be used separately for each experimental conditions. 
The results are in Table 3. 

Table 3 Comparison of fraction nonconforming at different temperatures 

Compared stages 1 - 2 3 - 4 5 - 6 7 - 8 

u -0.0946 -0.1003 0.0077 -0.0666 

P-value 0.9246 0.9201 0.9939 0.9489 

It can be concluded, that the differences in the fraction nonconforming under the two temperatures are not 

significant (all P-values much higher than 0.05). Without removing outliers the difference between stages 1 

and 2 would appear significant with u = -3.9817 and the corresponding p-value less than 0.001. 

5. EXAMPLE OF OVERDISPERSION IN DATA 
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             Figure 3 Standardized p chart                       Figure 4 Standardized Laney’s chart 

To point out the problem occurring with large sizes of subgroups, let us consider the same fractions 

nonconforming as before, but now we assume that the subgroup sizes were ten times larger. For greater clarity 
we will consider only the first stage (see Table 1). The standardized p chart is shown in Figure 3. The control 

limits are narrow due to large subgroup sizes and they are exceeded by many points. Such a control chart is 

unusable because minor deviation from the average fraction nonconforming cannot be considered as a reason 
to intervene in the process or treated as outliers in the subsequent analysis. After checking p chart assumptions 
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in Minitab, the ratio of observed variation to expected variation is equal to 154.7 %, which is higher than the 
95 % upper limit of 134.7 % and therefore the Laney’s chart for z with the estimated standard deviation 

ˆ 4.419
z

σ =  is used (see Figure 4). Now only three points representing groups no. 21, 34, and 41 fall outside 

the control limits. These points should be treated as outliers in a subsequent analysis. 

6. CONCLUSION 

The main goal of the paper was to show the usage of a p chart or its modification as a tool of an exploratory 

data analysis. The paper demonstrates the need to verify assumptions before a statistical test is performed 

and illustrates how the occurrence of outliers may distort the results of hypothesis tests. Without removing 
heats with the inflated fraction nonconforming based on the p chart, the cause of the significant difference 

between the fractions nonconforming at the two temperatures would be investigated in vain. 

Based on the ANOVA applied on the transformed data, differences between the fraction nonconforming at two 

steel grades and two wire diameters are significant, whereas the different temperatures do not appear to affect 

the fraction nonconforming. The latter conclusion is confirmed by the u-test, which is more appropriate in this 

study due to the better fulfilment of its assumptions.  
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Abstract 

To reduce production cost of steel products, it is necessary to control quality stabilization for preventing 

nonconformance of material properties. The quality stability is improved by constructing a highly accurate 

prediction model of material properties and incorporating it into the quality control system. In this paper, we 

aim to establish the highly accurate model of the full-length and full-width prediction of material properties. A 

locally weighted regression model with dimension reduction has been newly proposed and introduced into the 

conventional coupled model which consists of a just-in-time statistical model and a metallurgical microstructure 

model. In the proposed model, the data are projected from the input variable space to a dimension reduction 

space by a feature extraction method and a regression model with a local weighted method is created from 

the data near a query point in the projection space. It can properly fit complex process data which have non-

linear and co-linear characteristics by mutual complement of these methods. As the result of introducing the 

proposed model, the standard deviation of an estimated error of tensile strength has decreased remarkably, 

therefore the target of the estimated accuracy for practical operation has been achieved. The new model has 

enabled to increase ratio of keeping the material properties within the allowable limits. Hereafter, practical 

operation by the developed technology has been promoted. 

Keywords: Quality stabilization; material properties; full-length and full-width prediction; locally weighted  

         regression model with dimension reduction. 

1. INTRODUCTION 

In order to reduce the manufacturing cost of steel products, quality control is important to prevent 

incompatibility of product specifications. However, there may be risks that quality incompatibility products leave 

a factory and enter the market because quality is not guaranteed for the full-length and the full-width of all 

products by the conventional sampling inspection with few samples. 

Therefore, a high precision quality prediction technology in the full-length and the full-width of the steel products 

has been required. In this paper, we aim to establish the highly accurate model of material properties, and 

study results of accuracy verification of the prediction model are described.  

2. TECHNICAL OVERVIEW OF PREDICTION OF MATERIAL PROPERTIES 

For stable quality control of steel products, several quality prediction technologies of material properties [1,2] 
have been considered. Among them, as shown in Figure 1, the model which consists of three parts - the actual 

operation data collection part, the metallurgical parameters estimation part and the just-in-time statistical 

material properties prediction part - has been developed. Relatively high prediction accuracy has been 

expected by this model because of using both metallurgical knowledge and statistical knowledge. The 

prediction procedure (1) ~ (5) by this model is described below: 

1) Actual operation data which include size, ingredients and temperature history of each product are 

sampled. 

2) Metallurgical parameters are estimated with the sampled operation data as input. 
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3) The sampled operation data and the estimated metallurgical parameters are input to the model which 

statistically predicts material properties from the past operation data and the metallurgical parameters 

stored in a database, and a material properties prediction calculation is executed. Then prediction results 

of material properties are obtained as output. 

4) The sampled operation data and the estimated metallurgical parameters are recorded in the database. 

5) Actual material properties data are recorded in the database associated with the recorded operation 

data and the metallurgical parameters. 

The actual operation data including the two-dimensional surface temperature of the products by the 

thermometer installed during the manufacturing process are collected and used for the estimation of the 

metallurgical parameters and the prediction of the material properties. 

The metallurgical parameters estimation part estimates internal temperature of the product during 

manufacturing process and changes in the particle size, the phase fraction and the cumulative strain of the 

metal structure based on the actual operation data. 

The just-in-time statistical prediction part predicts material properties based on the actual operation data and 

the metallurgical parameters of the prediction target from the large quantity of recorded operation data, the 

metallurgical parameters and the actual material properties data by the material tests. 

In this study, sophistication of the statistical model applied to material properties prediction part has been 

examined. The target material property to be predicted is the tensile strength which is one of the capital quality 

indicators. 

 

Figure 1 Prediction model of material properties 

3. APPLICATION OF LW-PCR MODEL TO MATERIAL PROPERTIES PREDICTION 

In order to further reduce prediction errors of material properties, the more sophisticated data-science 

technology has been applied to the just-in-time statistical prediction part. 

As the conventional prediction model, a Locally Weighted Regression (LWR) model [3] has been used in many 
cases. As shown in Figure 2, the LWR model derives a local regression formula by placing emphasis on the 

past actual data in the vicinity of the prediction target data. This model can deal with the nonlinearity of the 
entire data set as shown in Figure 3. On the other hand, when the diversity of data is insufficient, such as a 

part with small vicinity data, the prediction accuracy may decrease due to multicollinearity. It is a property that 

the reliability of regression decreases when there is a strong correlation between input variables. 
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Figure 2 Concept of LWR model 

A well-known technique for avoiding the problem of multicollinearity is a Principal Component Regression 
(PCR) model [4]. As shown in Figure 4, the PCR model calculates the principal component which is a linear 

combination of input variables so that variance of data in the space becomes large, and calculates the 

regression formula from the data set on the projective space based on the principal component. On the other 

hand, the PCR model cannot cope with the nonlinearity of the entire data set. 

Therefore, a Locally Weighted Principal Component Regression (LW-PCR) model [5] has been introduced. 

This model can be regarded as a model combining the LWR model and the PCR model. An outline of the LW-
PCR model is shown in Figure 5. In the LW-PCR model, data are projected from the input variable space to 

the principal component space, and a local regression model is created placing emphasis on the data near the 

query point in the projective space. By using the LW-PCR model, multicollinearity can be avoided by the 

features of PCR while responding to nonlinearity by the features of LWR. They can complement each other by 

making use of mutual advantages, so that an improvement of prediction accuracy is expected. 

 

Figure 3 Feature of LWR model 
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Figure 4 Concept of PCR method 

 

Figure 5 Concept of LW-PCR model 

4. MATERIAL PREDICTION ACCURACY VERIFICATION USING ACTUAL DATA 

The prediction accuracy of the tensile strength using the actual data was estimated. The data was 473 samples 

for which the material test was conducted. Input data set for the accuracy verification include several items 

such as the size of the product, the amount of ingredients added in the steel, and the temperature history 

during production of the product as explanatory variables, and the tensile strength by actual test result of as 

true value. The accuracy verification was carried out with leave-one-out cross validation. 

The comparison before and after the introduction of the LW-PCR model was made. As shown in Figure 6, the 

standard deviation of the prediction error with LW-PCR model was reduced compared to the conventional one. 

As a result, the tensile strength falls within the allowable range of the product specifications sufficiently, 

reaching the applicable level for the practical operation. 
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Figure 6 Accuracy of estimated value of TS 

5. CONCLUSION 

For high quality control of steel products, high precision material properties prediction model has been 

developed. Using the actual operation data over the full-length and the full-width of the product, the LW-PCR 

has been adopted in the statistical prediction part in the material prediction model, and realized highly accurate 

material prediction. 
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Abstract 

Vision Industry 4.0 also includes a digital factory. Its core is based on the ideas of cyber-physics systems, 

models using all available modelling methods, artificial intelligence that includes fuzzy systems, artificial neural 

networks, expert systems, etc. 

This concept is also beneficial to the metallurgical industry, where many systems have been developed, 

although not under the conception of Industry 4.0, in the past. The article aims to show how the ideas of 

Industry 4.0 can be used in the blast furnace batch preparation, i.e. in the agglomeration plant.  

Keywords: Modelling, control, artificial intelligence, fuzzy logic, metallurgical industry 

1. INTRODUCTION 

It might be unnecessary to mention here the details of the Industry 4.0 vision. Gradually this vision, as well as 

its principles and objectives, comes to the attention of not only the professional community but also the laical 

one. So, for the sake of order, we summarize that this is a trend followed up by many developed countries for 

several years now; in Germany, where this vision was born, it is called Industrie 4.0, in the Czech Republic the 

name Industry 4.0 (further as I4.0) is used. Individual elements of this revolution, based on e.g. the Internet of 

things or the Industrial Internet (in OECD terminology), cyber-physical systems and artificial intelligence, will 

have real economic and social transformational impacts. Despite the fact that for many experts from practice 

as well as from academic sphere the information presented here will not be unknown, it is evident that the 

Czech Republic is not sufficiently prepared for these changes. 

At the heart of the fourth industrial revolution there is the combination of the virtual cyber world and the world 

of physical reality that involves significant interactions of these systems with the whole society; it can be 

considered as the cyber-physical-social revolution. Therefore, in the Czech Republic the National Initiative 

Industry 4.0 has been established, which aims to mobilize key sectors and industry representatives to develop 

detailed action plans in the areas of political, economic and social life. It is also clear that the journey to the 

4th Industrial Revolution will be specific in the Czech Republic (as well as in the other countries) and will differ 

from the original German initiative. 

Technological assumptions and visions stress the deep, knowledge-based industrial integration, as the core 

of Industry 4.0 based on information and cyber technologies. Mass sharing and continuous communication 

supported by high-quality communication infrastructure (broadband internet) are expected. Other major 

industry technologies include big data, autonomous robots, sensors, cloud computing and data storages, as 

well as additive production, widespread reality and, last but not least, the whole discipline of cybernetics and 

artificial intelligence forming the intellectual and technological core of ongoing industrial revolution. 

I4.0 does not seem to be a possible extravagance; it appears that its basic ideas are being applied in the 

number of industrial sectors. Originally its main feature was the use of automation and robotization - mainly in 

the automotive industry, resp. in the large-scale engineering production. The heavy industry sphere, i.e. the 

processing of raw materials into intermediate products and their subsequent processing in the mills, has 

seemed to be quite inappropriate for the significant I4.0 concept implementation. However, if we realize that 
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the core area is the creation of cyber-physics models and their use, then the metallurgical industry is very 

suitable for this implementation. 

In the following text a brief review of the processes that have been applied in the metallurgical industry, ranging 

from the processing of primary raw materials (agglomeration plant) through the production of pig iron and the 

subsequent steel refining to their processing in the form of castings or rolled products, will be made. 

2. EXAMPLES OF THE APPLICATION VISION PROCESS I4.0 

This chapter deals with the summary of the different types of models that are used for offline and online 

modelling, such as the cores of control algorithms, resp. as a part of expert systems. These models use a wide 

range of tools that are suitable for describing and creating of these models, having in mind a classical 

mathematical description of physical and chemical processes, through the models based on classical 

management theory, up to the latest trends using means of artificial intelligence, i.e. artificial neural networks, 

fuzzy logic or genetic algorithms. 

Individual procedures complement each other and balance the weaknesses of one type of model with the 

strengths of the alternative description. Therefore, it can be argued that these are the hybrid models as 

described in earlier published articles, for example [1]. 

2.1. Problem I4.0 in the preparation of blast furnace batch 

In the publication [3] the model of the agglomeration line, the state of the sintering line grates, the 

agglomeration mixture composition and the fuel dosage are solved. The model predicts the quality and amount 

of agglomerate; so, it serves to find the optimal dosing of the mixture, predicts the production, composition and 

costs for the sinter production, as well as the RDI (Reduction Degradation Index). As a problem has seemed 

to be the dosage of lime which has improved melting and sintering but has had a negative effect on the 

granulation of the mixture. At the same time the model can prepare the course of the sintering process and its 

temperature throughout the whole length of the sintering belt. Appropriate dosing of fuel and lime has resulted 

in the increase of agglomerate production by 7.5%. The control algorithm based on band mix stabilization has 

improved the productivity and quality. 

A NIR device has been used for the continuous monitoring of the mixture chemical composition. Accuracy of 

measurement was suitable for humidity measurement but was not sufficient for the control of the coke and 

lime dosing. The moisture control system utilizing NIR data has stabilized and improved the device operation. 

Grate temperature measurement has provided valuable additional information about the thermal state of the 

sintering process. The model for the wind boxes temperature profile and for determining the position and 

temperature of the burning and sintering point has been developed. The model has been integrated into a 

process stabilization control system that has been very effective in stabilizing quality parameters within the 

target range, increasing productivity and reducing fuel dosing. 

Table 1 represents overview of possible inputs/outputs of blending advisory tool to obtain representative data 

it is needed to work with at least 1000 data. These data must be related to each other, inputs and outputs, at 

each time point. Representativeness is given by the confusion matrix, which indicates the number of data that 

algorithm classified properly, has to reach values of over 97 %. The output values are to be classified according 

to the criteria of industrial plants that they consider; high, medium and low for any parameter. The values 
shown in Figure 1 have been as an example, one can choose, for input and output, any parameter of the 

industrial sintering process. 

Pot grate tests and analyses of operational data determined influences of special sinter mix components such 

as BF dust, mill scale and anthracite on process efficiency. A blending support tool was developed to find the 

optimal flux addition and to predict sinter production, composition and costs as well as the RDI index. Coke 

and limestone coating was shown to improve melting, but the granulability of coke and lime particles was poor. 
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An on-strand characterization method to monitor the flame front was developed and linked with variations in 

bed segregation. Pot tests revealed that coke breeze segregation during charging can create optimum holding 

time at high temperature and limestone segregation can increase productivity by 7.5 %. A charging control 

system based on a stabilization of the BTP profile across the strand improved productivity and quality. An NIR 

device was installed for the industrial online chemical analysis of sinter raw mix. The accuracy was reasonable 

for measuring moisture content, but not sufficient for control of coke and lime. A moisture control system was 

established based on the NIR data which stabilized and improved the plant operation. A pallet grate 

temperature measurement delivered valuable additional information about the thermal status of the sinter 

process. A prediction model was developed for the wind box temperature profile and the burn-through point 

position and temperature. The model is integrated into a process stabilization control system that was very 

effective in stabilizing the quality parameters inside the target ranges, increasing productivity and reducing fuel 

dosing. 

Table 1 The overview of possible inputs/outputs for the analysis. In this case the data from 1500  

   measurements have been evaluated. Source: authors. 

INPUTS OUTPUTS 

Coke breeze/ Anthracite U.S. ( production (ton/hour) 

Return Fines U.S. final cost 

Basicity Index RDI (reduction degradation index) 

Total Fe content & cost FeO 

Fe (II) Softening Temp. 

Fe (III) " Tumbler (> 6,3 mm) 

Moisture Average size (mm) 

Total Fuel consume  

Speed at sinter strand  

Temp in last 3 boxes  

Gas in the ignition  

 

Figure 1 Example with a group of input/output 
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2.2. Further ways to make agglomeration more efficient 

Another project to improve the agglomeration process is described in [3]. The optimum operation of blast 

furnaces, among other things, ensures the delivery of a high-quality agglomerate. More precise control of the 

sintering process is required in order to achieve high productivity, stable operation and high quality of the 

resulting agglomerate. The performance of the sintering line is essentially depending on two types of 

conditions: 

• the selection of all set operating conditions (including agglomeration composition) and 

• control of the sintering process. 

The main benefits of the mentioned publication relate to: 

• the relationship between the composition of the mixture and all parameters affecting productivity, 

• the presentation of the Irsid Flame Front model as a research tool describing sintering mechanisms and 

predicting trends after operating conditions changes, 

• the determination of the most important parameters when dosing the agglomeration mixture, 

• the description of chemical reactions that occur during the sintering process, 

• the typical fuel burning heat pattern along a height and 

• the relationship between the operating conditions / temperatures / properties of the agglomerate. 

By the author the major contribution has consisted in the development of the model of the heat field movement 

along the height and width of the sintering belt. The main result is the availability of these new measurements, 

both in terms of comparison with existing measurements and their sensitivity to the volontary modifications of 

operating conditions. The last part of the project concerns the use of advanced techniques for the development 

of models that allow timely forecasting of the agglomerate properties that could provide the control strategies 

to the operators. At the end of the research two models that have been evaluated by the off-line simulation 

were available. 

2.3. Optimization of existing agglomeration control systems 

The project described in the publication [4] five separate activities related to the production and quality of the 

agglomerate have been solved. Within the project all activities have focused on process management issues 

and have included the assessments and improvements of the existing systems, the development of new 

control strategies and of closed loop controllers. This project has led to the improved operational procedures 

and the better understanding of the input mechanisms required for the effective output and quality control. New 

control strategies that have been developed along with the established equipment have improved the 

management of agglomeration facilities involved in the project. Controlling of the sintering process transversely 

and longitudinally with respect to the sintering belt, permeability control, automation of the coke additives 

dosing and the application of advanced control strategies were considered as individual working modules being 

solved by various partners [7,8]. 

The techniques used to develop the supervision and overall sintering process control were both fuzzy logic 

tools and traditional types. The Matlab/Simulink environment has been used for modelling. Software 

applications to assist operators in making decisions have also been developed. New measuring techniques 

have also been introduced at the agglomeration facility. The most remarkable measurements are strand 

permeability measurements, mix cold permeability, BRP (burn-rising point - see figure below) along and across 

the strand, bed height, IR (infra red) analysis of the mix moisture, Ramsey Coil output to measure FeO content 

of the sintered bed and image analysis of the bed cross-section. 
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Figure 2 Fuzzy control sintering machine burn-through management. Source: [5] 

3. CONCLUSION 

The previous text shows some possible aspects of the use of modern process control tools in the field of batch 

preparation for blast furnaces, i.e. in agglomeration plant. This sector was chosen mainly because of the 

complex stabilization of the production process along with a long transport delay, and moreover, the 

agglomeration process is a complicated process in which different physical and chemical patterns act against 

each other. For this reason, models of physical procedures, chemical processes, thermodynamics and 

temperature fields etc. can be applied. 

Similar procedures and hybrid models can be also found in other metallurgical plants, starting with blast 

furnaces, through steel processing or steel casting up to the subsequent heat treatment or rolling. 

With the whole area being highly energy-demanding and at the same time leading to a high environmental 

burden, these systems control optimizing is very important [6]. 
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Abstract 

The fundamental role of data analytics in the era of Industry 4.0 is characterized. The main types of data-driven 

advanced models, including learning systems, are presented. Potential applications in process control and 

fault diagnosis in metal industry are reviewed. Examples related to metal casting processes, based on the 

authors’ expertise are presented. Potential chances and threads of intelligent data analytics in metal industry 

are discussed. 

Keywords: Metal industry 4.0, data-driven modeling, process control, fault diagnosis  

1. INTRODUCTION 

In all industries, including the metal industry, the 4th revolution has come. A combination of modern 

technologies leading to a ‘smart factory’ is the essence of the Industry 4.0. Big Data analytics and machine 

learning technologies are doubtless the key issues, driving greater efficiency, higher production and faster 

fulfillment giving new opportunities [1]. One of the main challenges is development of methodologies capable 

of extracting useful knowledge from the huge amounts of data now available in most of manufacturing 

companies and further to utilize it in control of the processes, predicting process behavior or equipment failures 

and diagnosing the process disturbances and the products’ defects. 

The aim of a process control is always to limit its variability, irrespectively of its nature and manifestation. There 

are two main strategies to accomplish this objective: Engineering Process Control (EPC), based on the 

regulation of the process and Statistical Process Control (SPC), based on process monitoring [2]. EPC 

originates from process industry such as chemical, metallurgical, food, textile etc. whereas SPC was first 

applied in the parts industry, such as automotive, electrical and electronic, machine-building, aircraft, 

shipbuilding etc. EPC actively counteracts the process disturbances by making adjustments to process 

variables in order to keep the output quality parameter on target. The three classic types of control systems 

are utilized also in the manufacturing process control, i.e. open-loop, feed-forward and feedback. SPC 

assumes that the process output can be described by statistically independent observations fluctuating around 

a constant mean and is intended to detect signals which represent the special (assignable) causes of external 

disturbances increasing the process variation and subsequently remove them. There are two main types of 

SPC and the corresponding types of control charts: for continuous variables (e.g. product dimensions) and for 

attributes, e.g. defining product as acceptable or non-acceptable (e.g. defective). Typically, samples consisting 

of several products are checked in regular time intervals, however, in many metal industry branches e.g. 

foundry production, single measurements are common. The extreme case is that all products are checked 

which is typical for some automated systems, becoming common in contemporary manufacturing industry. 

The present paper explains and systemizes possibilities for advanced data analytics in application to control 

of manufacturing processes, including fault diagnosis and predictions. The most advanced data-driven models 

are learning systems, often associated with the discipline named Computational Intelligence, have proved to 

be very successful in many areas of human activity. They have found various and valuable applications also 

in control and fault diagnosis of complex manufacturing processes, including such branches like metallurgy 

and metal casting [3-16]. The characteristic applications of that kind of tools, illustrated with examples from 
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metal industry, mostly based on the authors experience in metallurgy and metal casting areas, are presented 

in the paper. 

2. DATA-DRIVEN EPC IN MANUFACTURING 

Probably the most widespread type of advanced data-driven (soft) models used in process control are artificial 

neural networks often utilizing imprecisely expressed (fuzzy) data in the form of neural or neuro-fuzzy 

controllers. Typically they utilize the data recorded in the course of normal production, however, sometimes 

artificially obtained data from process simulations are also helpful.  

The models used for the process control can be in various forms, including hardware components working in 

the automated systems but also they can be the computer programs acting as virtual assistants for the 

operators or engineering staff. An example of that kind of control utility was presented in [17]. A neural model 

of the complex heat treatment process necessary to obtain Austempered Ductile Iron was build on the basis 

of a large amount of data collected in many different companies and laboratories in the world and then 
successfully implemented in a dedicated software, illustrated in Figure 1. 

 

Figure 1 A dialog box facilitating the optimization of ADI heat treatment parameters utilizing neural modeling 

of the process [17] 

Another type of the data-driven models utilized in control of manufacturing process are the logic rule systems, 

based on automated knowledge extraction from the recorded industrial data. The logic rules of the type: ‘IF 

[conditions] THEN [decision class]’ can be obtained with several types of tools. For manufacturing problems 

the decision trees are probably the most frequently used whereas the methods based on Rough Sets Theory 
seem to be their newer alternative [18-21]. In Figure 2 an example of decision tree, obtained from the data 

described above, is shown. Here, the output variable was the grade of ADI, classified on the basis of its tensile 
strength, elongation and Brinell hardness. From the fragment of the tree shown in Figure 2 the following 

recommendation can be obtained: the high strength cast iron of the grade 1,400 can be obtained by applying 

the isothermal austempering temperature below 337 °C and Si content above 2.9 %, irrespective the other 

heat treatment parameters and contents of other elements [17].  
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Figure 2 Fragment of decision (classification) tree utilized for obtaining ADI grades (see the chart legend) 

[17]; red rectangles mark end nodes showing the results of classification, blue rectangles are splitting 

(intermediate) nodes, the bars in all rectangles show distributions of the ADI grades (classes) in the node 

3. STATISTICAL PROCESS CONTROL AND DIAGNOSIS  

In general, three type of process variations can be observed on the process run charts: random normal 

variations around a constant mean, abnormal sequences (patterns) of points being signals of external 

disturbances and autocorrelations, i.e. dependencies of the current values on the preceding ones. SPC 

assumes the absence of the autocorrelations.  

A general approach in application of the data-driven modeling to process fault diagnosis is that a process 

model linking the process parameters as inputs with the process outputs enables to make process simulations 

leading to identification of the cause of the process fault (e.g. product quality or abnormal sequence of any 

process parameter). Several examples of applications of process modeling leading to successful identification 

of causes of metallic products defects, taken from the present authors experience, illustrate this approach:  

• Gas porosity appearing in steel castings was attributed by the present authors to the combination of 
molding sand properties and current atmospheric conditions based on neural modeling of the process 

• Various data-driven models were successfully applied in order to find the root causes of heavy oscillation 

marks appearing on surfaces of steel billets produced by continuous casting process  

• The ductile iron melting process was modeled using classification trees in order to find the most probable 
causes of missed melts, i.e. the combination of mechanical properties of the cast iron incompatible with 

the target iron grade, treated here as the process output 

In [22] a neural model was applied to find the most likely causes of abnormal patterns appearing on Shewhart 

charts. Like in [23] the ductile iron melting process was analyzed, however, the process output was the iron 
tensile strength with all the values in the tolerance range. In Figure 3 a characteristic example is shown. The 

abnormal sequence of points defined as 9 consecutive points on one side of central line was observed on the 

output chart, but it could not be easily attributed to any of the process inputs (the chemical contents of the main 

chemical elements). However, it can be seen that the neural model imitates the real run chart quite well. It 

gives an opportunity to find the most likely root causes of the process disturbance by making suitable 

simulations, for example assuming some of the inputs at their levels from before the appearance of the 

abnormal pattern.  
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Figure 3 Example of the possible applications of neural regression modeling in finding the root causes of 

abnormal patterns on Shewhart charts; the green rectangle marks the abnormal sequence of points on the 

run chart [22] 

4. AUTOCORRELATIONS IN PROCESSES 

Autocorrelations appearing in runs of process variables enable making predictions of the future values using 

the methods of time-series analysis. However, they can also be a sign of hidden imperfections in the process 

and they can be misinterpreted as SPC abnormal patterns. The main types of the autocorrelations include 

variable means’ trend and periodicity (seasonality). Surprisingly, autocorrelations may appear quite frequently 

in the real processes, including metallurgy and metal casting areas [23, 24, 25]. 

An illustrative example of detection of hidden imperfections in the grey cast iron melting process is given in 

[23]. Average Si content in the last 3 measurements of a day was the process variable in which a significant 

periodicity equal 7 was detected. It could indicate that the stock of the additives containing silicon is suitable 

just for a period of about 7 working days and the practice of the operators is to spend it in full in that period 

(increasing or decreasing the amounts added at the end of the period). 

The main purpose of the predictions of the future values in a production process is to enable the staff to take 

appropriate actions anticipating the expected changes in the process. It was found [23] that the prediction 

accuracy for both current and daily-based averaged values of the chemical components of grey cast iron 

appeared to be about 20 % of the whole ranges of their concentrations, which can be accepted for undertaking 

suitable anticipated actions in most of the practical situations. 

Removing the autocorrelations components from the original data allows to avoid false signals in SPC. The 

resulting Special Cause Control (SCC) charts utilize the residual data obtained from the time-series analysis. 
In Figure 4 a characteristic example is shown. Here the main autocorrelation component found in the data 

was a significant periodicity, unnoticeable on the original run charts and also unexpected by the operators and 

the engineering staff. The results of application of SCC charts to a green sand processing system in a grey 

cast iron foundry showed that application of the SCC charts reduces numbers of the signals in almost all cases 

[24] which can be helpful in avoiding false signals, i.e. resulting from predictable factors. 
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Figure 4 Example of the original data transformation and residuals obtained from time-series analysis (used 

for SCC charts) for moisture of green molding sand in a medium-size grey cast iron foundry [24] 

5. CONCLUSION 

The present paper presents possibilities and examples of applications of advanced data-driven modeling in 

metal industry. They become remarkably more real and in the era of the 4th industrial evolution, mainly due to 

the unprecedented availability of the automatically gained and recorded production data.  

Of course, these chances are accompanied by some significant threats. One of them is certainly a strongly 

limited availability of some important data, for example those obtained from destructive tests of costly products 

which are typical for many branches of metal industry. Also the cases of equipment failure are usually seldom. 

It seems to be a more general observation that in the era of Industry 4.0 some important limitations due to the 

physical nature of products and processes may play a significant role.  

A successful application of the big data analytics and machine learning technologies in metal industry presents 

a challenge to analysts and engineers. Without good understanding the nature of the data-driven models 

engineers will not be able to recognize their possibilities and successfully apply them in industrial practice. The 

role of updating all forms of education is therefore essential.  
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Abstract 

Digital platforms are becoming the dominant business model in many industries. Platforms are a foundation 

for new value creation. Steel manufacturing companies are planning and implementing new solutions although 

managers struggle to determine their monetary impact. Most of these initiatives generate both expenses and 

benefits differently to “traditional” business models. In this paper I describe some of the ratios that should be 

used in preparing companies for the introduction of platforms and new business models. 

Keywords: Digital platforms, innovation, management, ratios 

1. INTRODUCTION 

While growth in crude steel output in 2017 exceeded forecasts in many regions, the pressure on innovation 

remains strong as markets continue to evolve [1].  

The World Steel Association reports that total crude steel production in 2016 was 1,628 million tones. The 

demand is fluctuating but its growth slowed in 2011. Production capacity is significantly higher than the output. 

OECD estimates that the nominal crude steel making capacity in 2016 was 2,381 million tones and is 

increasing [2]. 

There are many factors that directly or indirectly impact demand for steel. Currently additional factors affecting 

demand are recycling, sharing economy and pressures to extend the useful life of products. The use of Internet 

in these dynamic markets creates further opportunities and threats.  

In this paper I start by discussing factors impacting demand and then move on to discuss digital platforms and 

new business models and their impact on measures and ratios characteristic for new business models. Digital 

technologies have their own metrics and ratios (e.g. monthly active users) but using traditional financial 

analysis ratios is beneficial as it allows managers to focus on markets, clients, users and forecasts instead of 

new measures and technological details. 

2. RECYCLING, SHARING AND EXTENDING PRODUCT LIFE 

Progress in recycling is remarkable. World Steel Association estimated that 30% of all new steel products are 

made of recycled steel.  

Sharing economy started only recently in consumer products but it is growing in importance. Daimler initiated 

their car sharing program Car2Go in 2008, BMW AG started DriveNow in 2011. According to data from Daimler 

AG annual report for 2017 Car2Go operates 14000 vehicles at 26 locations worldwide and over 3 million users. 

In 2016 Car2Go created its first location in China. DriveNow operates 6000 vehicles in 13 locations and has 

over 1 million clients. In 2016 BMW established a separate company that will operate on the US market. 

Interestingly, sharing economy may develop faster in developing markets as some human behavioral patterns 

related to ownership maybe easier to change. Bicycle sharing his developing rapidly in China. About 60 firms 

have put as many as 18 million bicycles on China’s streets. In Beijing alone, there are more than 40 times as 

many registered shared bike users as those who use New York City’s Citi Bike, America’s largest bike-sharing 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1842 

firm [3]. Although most bicycle frames are currently made of aluminum growth of the bicycle sharing market 

may be an indication for future rate of growth of car-sharing services in Asia. Automotive industry is a major 

customer for steel manufacturing. Accenture estimates that the automotive sector represents 15% of total 

global steel demand and over 50% of gross margins. The impact of car sharing is difficult to assess. Most car 

manufacturers became directly involved in car sharing by forming own subsidiaries or entering partnerships. 

Car sharing will decrease car ownership but early research indicates that the impact varies [4]. 

The European Parliament is promoting measures to make consumer products more durable and easier to 

repair. Recommendations include “minimum resistance criteria” and member state incentives to produce 

durable and repairable products.  

Currently innovation in steel manufacturers moves beyond incremental changes to products, marketing and 

business performance improvements [5]. 

3. DIGITAL PLATFORMS AND THEIR ADOPTION 

The term digital platform has been described by Parker, van Alstyne and Choudary [6] and by Reillier & Reillier 

[7]. Digital platforms in steel manufacturing companies are designed to facilitate more effective information 

sharing between various stakeholders from suppliers through to end-customers and users of steel 

products. Digital platforms can be used in sales and marketing, research and development.  

Digital technologies are still relatively new and change rapidly. Managers in metal companies struggle to 

determine the monetary impact of benefits such as improved collaboration and decision making, or to quantify 

precisely how digital-enabled improvements affect the bottom line. 

According to an online survey conducted by Accenture [8] 29% mining companies report widespread adoption 

of platform technologies within organization, 28% declare to have started pilot programs and 31% are 

developing or have already defined plans to implement these technologies. Only 12% of mining companies 

interviewed have no plan to employ digital platforms in the forthcoming 3-5 years.  

Platforms are formed as either regional initiatives that may later expand to international or global reach or as 

global initiatives. 

SteelOrbis is a platform that claims to be operating globally (it currently reports to service 90,000 users). A 

global platform was also established by Hong Kong based Steelavaliable.com. A platform for sale of finished 

and semi-finished steel products was announced by the steel ministry and a state-run company MSTC in India 

in 2016 and is operational. Klockner & Co SE from Duisburg announced its plans to operate a platform for sale 

of steel products. The company received Bundeskartellamt approval. The platform will operate alongside 

Klockner’s own online shop. 

More general platforms are quickly growing in scale. Logintrade procurement platform is an example of a 

platform operating in Poland. The platform is intended to “simplify order transactions and order management”. 

It is also expected to simplify agreements as the platform exposes the pricing strategies of individual traders. 

Platforms in steel manufacturing face barriers not only resulting from reluctance to change but also because 

of the need to standardize and simplify requests for proposal in procurement platforms. Typical requests 

require: 

• description of the subject of the order; 

• steel grade, technological process, technical drawings; 

• order requirements (certificates, attestations); 

• warranties; 

• conditions for submission of proposals and payments. 

Similar barriers have been earlier identified also in production networks in metallurgical clusters [9]. 
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Many steel products are very specific and unique elements. Technical drawings require descriptions and this 

creates language barriers. Language barriers still force customers to enter traditional procurement negotiations 

with selected partners but this process is expensive and time consuming.  

4. METHODOLOGY 

Although more comprehensive sustainability indicators gain acceptance in most industries, including metals 

[10], for most companies maximizing shareholder value remains the main long-term objective.  

In Discounted Cash Flow valuation method, value of equity is calculated by subtracting net debt from 

discounted Free Cash Flows (FCF). 

V �  n FCF
�1 + r�O � Net debt

Q
O�f

 (1) 

FCF is profit after tax plus depreciation minus change in net working capital and capital expenditures (CAPEX). 

Profits, net working capital, depreciation and capital expenditures are calculated using the percentage of sales 
method (Figure 1). Percentage of sales method assumes that ratios (profit margin, fixed assets turnover and 

net working capital in days) remain constant or their change is forecasted based on trends.  

 

Figure 1 Free cash flow forecasting variables 

Forecasted profit is calculated multiplying forecasted revenues by the assumed profit margin ratio and 

subtracting taxes. Change in Net Working Capital can be calculated using working capital in days. Forecasted 

fixed assets can be calculated multiplying forecasted revenues by Fixed Assets Turnover. Capital expenditures 

and depreciation can be calculated based on forecasted value of fixed assets. The process is explained in 

detail by various authors [11]. 

Tangible Fixed Asset Turnover (TFAT) is used to gauge the company’s ability to generate revenues using 

tangible fixed assets at its disposal. As many companies currently hold considerable amounts of financial 

assets it may be justified to use Property Plant and Equipment instead of Tangible Fixed Assets. In the process 

several financial analysis ratios are used. 

0��0 �  ;�®� ,��
0© �A+Ç� �A¹�! ����½� (2) 

Days of Sales Outstanding (DSO) indicates how many days (on average) it takes the company to collect the 

money from its clients. 

Ä�o �  ;���A®©+Ç�� ×  365
;�®� ,��  (3) 
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Days of Inventory Outstanding (DIO) indicates how many days (on average) the company keeps its inventory. 

In a production company this means raw materials, work in progress and finished goods.  

Ä@o �  @ ®� ½�LA�� ×  365
;�®� ,��  (4) 

Days of Purchases Outstanding (DPO) indicates in how many days (on average) the company pays its dues 

to suppliers. Trade payables are non-interest-bearing liabilities. 

Ä9o �  0L©!� 9©º©+Ç�� ×  365
;�®� ,��  (5) 

An alternative approach to calculating DIO and DPO ratios is to use cost of goods sold instead of revenues. 

In this case revenues are used to simplify further calculations. 

Net working capital in days is calculated using the formula: 

N)� A  !©º� � Ä�o + Ä@o � Ä9o (6) 

5. DATA 

Dataset is based on survey data published by the Central Statistical Office of Poland (GUS). The survey covers 

economic entities with 10 and more people employed. To illustrate the model, I used data for 2513 companies 

manufacturing fabricated metal products (NACE rev. 2 section C division 25). In the following section I 

calculated ratios for Arcelor Mittal Plc. using data from the company’s annual reports for the years 2006-2017. 

6. RESULTS 

 

Figure 2 Free cash flow of companies manufacturing fabricated metal products in 2016 (in millions PLN) 

Using the framework for FCF forecasting presented in Graph 1, the components of FCF for companies 
manufacturing fabricated metal products in 2016 were exemplified in Figure 2. 

The total revenues (net sales) amounted to 80 912 million PLN, an increase of 3 297 million PLN compared to 

2015. 

This method is used to forecast FCF for individual companies. Calculating this for NACE division is interesting 

for benchmarking purposes and to exemplify the methodology.   

The analysis for an individual company can be performed on a similar basis. In Figure 3 I present results for 

Arcelor Mittal, the world’s largest steel producer, based on its 2017 Annual Report. ArcelorMittal is a public 

Revenues 
80 912 

Profit 
after tax 
4 901 

Tangible Fixed 
Assets 
34 287 

Change in 
NWC 
558 

Tangible Fixed Assets 
Turnover 
2,3667 

Net Working 
capital in days 

62 days 

Profit 
margin 
6,06%  

- = FCF 
Change in Tangible Fixed 

Assets 
- 1 050 

+
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limited liability company (société anonyme) that was incorporated for an unlimited period under the laws of the 

Grand Duchy of Luxembourg on June 8, 2001.  

 

Figure 3 Free cash flow forecasting basis for Arcelor Mittal in 2017 (in millions USD) 

It is of course essential to analyze at least the basic statistics for previous accounting periods (Table 1) and 

compare them to the values assumed for the purpose of creating a forecast. Volatility in NWC, Profit Margin 

and Tangible Fixed Assets Turnover followed the crisis in 2008. These results were observed in the entire 

sector [12] and other sectors [13].  

Table 1 Arcelor Mittal ratios for the years 2006-2017 

 

Once assumptions are in place FCF becomes a function of changing revenues and investors can focus on 

analyzing clients, products and markets.  

7. FORECASTING PLATFORMS  

A platform not only creates its own cash flow but also alters the cash flows of the company’s other business 

models. Although the FCF forecasting model remains useful in forecasting and consequently in analysis of 

project effectiveness and value creation it also exemplifies the problems in decision making. Forecasting is 

challenging even when some of the variables are assumed to be constant or change reflecting past trends. 

Introducing new business models changes all variables. This is visible as investors struggle to value platforms 

and look for non-quantitative explanations [14, 15].  

The effects of introducing digital platforms are impossible to quantify at the present moment, but the impact on 

individual ratios can be estimated. 

Platforms strategy implies changes to: 

• revenues as business becomes an intermediary selling not only own products but also products of other 

manufacturers, 

Revenues 
68 679 

Forecasted 
Profit 

after tax 
4 575 

Tangible Fixed 
Assets 
36 971 

Forecasted 
Change in 

NWC 
1 074 

Tangible Fixed 
Assets Turnover 

1,86 

Net Working 
capital in days 

45 days 

Profit 
margin 
6,7%  

- = FCF 
Forecasted 

Change in Tangible Fixed 
Assets 
- 2 140 

+

Minimum Maximum Average Median Standard deviation
ROS -0.13 0,11 0.02 0.03 0.1
FAT 1.01 2.07 1.59 1.66 0.3
DSO 15 54 26 22 10.7
DIO 72 119 88 86 13.1
DPO 31 75 57 55 12.4
NWC in days 39 103 57 56 17.3
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• profit margin as commission is calculated on sales of third party products and cost structure is altered, 

due to for example to platform advertising and IT personnel remuneration, 

• net working capital in days as the company acts as an intermediary (retailer), 

• tangible fixed assets turnover as new types of assets are required (IT hardware). 

One of the main characteristics of digital platform models that has been observed is that tangible fixed assets 

turnover is substantial. Airbnb offers nearly 5 million lodgings in 81 000 cities without own real estate property. 

The tangible asset turnover ratio of Airbnb is much higher than the in the world’s largest hotel network in Marriot 

International. In other words digital platforms require comparably low investments in tangible fixed assets. 

Steel industry is likely to be disrupted by digital platform models because entry barriers are relatively low. The 

required investment, especially for companies with established brands and strong market presence, is limited 

and scalable as IT hardware and software can be provided as a service [16, 17]. The possibility of connecting 

different users from the market, including entities focusing on recycling and reusing creates the possibility to 

develop “steel as a service” concept. 

8. CONCLUSIONS 

Innovation moves beyond incremental changes to products, their marketing and business performance 

improvements. As Internet technologies mature, some solutions are adopted in other markets. Digital platforms 

are being introduced in steel manufacturing and are likely to succeed as required investments are limited and 

scalable and potential gains may be substantial. Adopting digital platform business model changes not only 

forecasted revenues but also financial ratios in DCF valuation model. The changes are reflected in fixed assets 

turnover, forecasted capital expenditures and net working capital requirements. While forecasting all those 

variables may prove very challenging the potential effect of changes to free cash flows can be estimated. 

REFERENCES 

[1] BAKALARCZYK, Sebastian. Managing of innovation in modern metallurgical companies, In Metal 2017: 26th 

International Conference on Metallurgy and Materials. Ostrava: TANGER 2017, pp. 2040-2044. 

[2] OECD. Capacity Developments in the World Steel Industry [online], DSTI/SC(2017)2/Final. Directorate for 

Science, Technology and Innovation, Steel Committee, 24 p. [viewed: 2017-08-07]. Available from 

http://www.oecd.org/sti/ind/steelcapacity.htm. 

[3] CAMPBELL, Charlie. The trouble with sharing: China’s bike fever has reached saturation point [online]. Last 
updated: 2 April 2018. Time. [viewed: 2017-08-07]. Available from http://time.com/5218323/china-bicycles-

sharing-economy/?iid=sr-link1. 

[4] ZHANG Chen, KOLTE, Prajakta, KETTINGER, William. J. and SUNGJIN, Yoo. Established Companies' Strategic 

Responses to Sharing Economy Threats. MIS Quarterly Executive, 2018. 17(1), pp. 23-40.  

[5] VILAMOVÁ Šárka, MIKLOŠÍK Andrej, OČKO Petr, JANOVSKÁ Kamila, ČECH Martin, BESTA Petr and ŠANDA 

Martin, Implementation of knowledge management in metallurgical company, In Metal 2016: 25th International 
Conference on Metallurgy and Materials, Ostrava: TANGER 2016, pp. 2069-2075. 

[6] PARKER, Geoffrey G., VAN ALSTYNE, Marshal W. and CHOUDARY, S. P. Pipelines, Platforms, and the New 

Rules of Strategy. Harvard Business Review, 2016. 94(4), pp. 54-62. 

[7] REILLIER, Laure C. and REILLIER, Benoit. Platform Strategy: How to Unlock the Power of Communities and 

Networks to Grow Your Business. Taylor & Francis, 2017. p. 221. 

[8] CALLAHAN, Amy and LONG, George, Digital Mining: Progress… and opportunity: Accenture Report [online]. 

2017. Accenture. 8 p. [viewed: 2018-04-10] Available from https://www.accenture.com/us-en/insight-digital-

technology-mining. 

[9] SANIUK, Sebastian, SAMOLEJOVA, Andrea, SANIUK, Anna and LENORT, Radim. Benefits and barriers of 
participation in production networks in a metallurgical cluster - research results. Metalurgija. 2015. R. 54, No 3. 

pp. 567-570. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1847 

[10] LENORT, Radim, STAS, David, WICHER, Pavel, HOLMAN, David and IGNATOWICZ, Katarzyna. Comparative 

Study of Sustainable Key Performance Indicators in Metallurgical Industry. Rocznik Ochrona Środowiska. 2017. 

vol. 19, pp. 36-51. 

[11] DAMODARAN, Aswath. Investment valuation: Tools and techniques for determining the value of any asset. John 

Wiley & Sons, 2012. p. 992. 

[12] POMYKALSKI, Przemyslaw, BAKALRCZYK, Sebastian and SMOLEJOVA, Andrea. Benchmarking Polish basic 
metal manufacturing companies. Metalurgija. 2014. R. 53 , No 1. pp. 139-141. 

[13] POMYKALSKI, Przemyslaw. Assessing the impact of the Current Financial and Economic Downturn on the 
Textile and apparel Industry in Poland, Fibres & Textiles in Eastern Europe, 2013. Sept.-Oct., Vol. 21, Issue 5, pp. 

13-18. 

[14] KREJCAR, Ondrej, SPICKA, Ivo and FRISCHER, Robert. Micro operation system for microprocessor 

applications. Elektronika Ir Elektrotechnika. 2011. no. 8, pp. 83-88.  

[15] SPICKA, Ivo and HEGER, M. Utilization mathematical and physical models derived therefrom real-time models 

for the optimization of heating processes. Archives of Metallurgy and Materials. 2013. vol. 58, no. 3, pp. 981-985.  

[16] JONSTA, Petr, VLCKOVÁ, Irena, KRISTAK, Lubos, SPICKA, Ivo and JONSTA, Zdenek. Contribution to the 

thermal properties of selected steels. Metalurgija. 2015. vol. 54, no. 1, pp. 187-190. 

[17] DAMODARAN, Aswath. Narrative and Numbers: The Value of Stories in Business. New York: Columbia 

University Press, 2017. p. 284. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1848 

ADVANCED IMAGE PROCESSING TO SET WELDING HEAD POSITION   

Vít PASKER, Robert HLAVICA, Ondřej GRYCZ  

VSB - Technical University of Ostrava, Faculty of Metallurgy and Material Engineering,  

Ostrava, Czech Republic, EU, vit.pasker.st@vsb.cz 

Abstract 

The thesis deals with the control of setting the position of the welding head on the line welded tubes with spiral 

weld. The industrial line is located in the premises of large metallurgical company in Silesian region. It is able 

to produce tubes in the diameter range from 323.9 mm to 820.0 mm. The tubes are manufactured according 

to the world standards (ISO, EN, API, DIN, ASTM, NF, BS, GOST, ČSN, etc.). The current low-level solution 

is expanded by the laser system which consists of three separate lasers, one linear laser and two spotted 

lasers which get information about material position and future weld position. Information from laser system 

are processed to setting position of the welding head by image processing, applying color filters to get clear 

data and in the end applying special algorithms to get the optimal position of welding head. Also information is 

showed in image of camera output for line worker. 

Keywords: Line weld, spiral weld, welding head, laser 

1. INTRODUCTION 

Worldwide demand for spiral pipelines is increasing mainly due to the continuous development of the 

petrochemical industry. Therefore, the demands for reliability and speed of production are increased, 

especially to reduce the loss and error rate of production. Small defects can be tolerated, but must be corrected 

manually, resulting in time lags and depletion of the worker. Greater defect means losing the whole pipe or at 

least a large part of it. These mistakes give businesses millions of millions of losses on material, time, and 

reputation. For these reasons, companies generally try to replace the human factor with an automated system 

that only man controls and controls. An appropriate solution to the manufacturing process increases reliability 

and reduces loss. [1,2] 

2. CURRENT SOLUTION OF WELDING STATION 

The welding station contains a number of 

automated and regulated technologies, mostly in 

welding. This means electrode guarding, welding 

current, temperature and other technological 

parameters. However, the welding station 

currently lacks an automatic setting, or at least a 

welding head position check. This control is 

currently provided purely manually. The operator 

of the welding station only controls the settings 

visually by using a custom view. This is 

particularly problematic with respect to emitting 

light radiation during welding. The operator knows 

the correct setting of the welding head only at the 

point where the weld is either correctly positioned 

or badly made. This kind of setup check is 

inappropriate. Since the error is detected only 

Figure 1 Current solution of welding station  

[own study] 
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after welding, this leads to the loss of product. For these reasons, operators have helped with their ingenuity. 

Before the welding head, they placed an industrial camera in front of which a steel line is placed. This trivial 
solution is in the Figure 1. [3,4] 

This line indicates the required position of the gap between the sheets, the so-called welding point. After this 

adjustment, the position of the head was checked prior to welding, which led to a significant reduction in the 

wrong positioning of the welding head and thus reduced scrap. [5] 

However, the solution is not ideal from the point of view of reliability because it requires the operator's constant 

attention and, in particular, some experience with the line. Only an experienced operator recognizes the correct 

position of the welding head with the naked eye. The recording from an industrial camera according to which 
the operator sets the position is shown in Figure 2. [6] 

 

Figure 2 Recording from an industrial camera in current solution [own study] 

3. EXPANSION OF THE SYSTEM 

Implementation requirements were a limiting price. For this reason, it was proposed to change the control 

system of the existing system, where the optical sensor in the form of an industrial camera was retained. The 
existing line has been removed from the system, and instead, the optical sensor has been extended by a laser 

system. The laser system consists of three separate lasers, one laser being linear, and the remaining two 
lasers are spotted (shown in Figure 3). 

 

Figure 3 Visualization of the lasers system [own study] 
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The laser system serves to simplify and refine the positioning of images in the image. Blue point lasers are 

firmly connected to the positioning mechanism of the welding head. This indicates the position of the welding 

head. Line red laser is located with an optical sensor or just like point lasers. The Raspberry Pi 3 mini computer 

is processing the image information. [7] 

4. PROCESSING OF IMAGE INFORMATION 

When processing the image information, the position of the welding head and the desired welding point is 

determined. The required welding site is the center of the gap between the angled plates. The gap indicates 

the interruption of the line laser. The center of the gap then lies at the center of the interruption. Point lasers 

are set so that the position of the welding head is centered between two-point lasers. The positioning algorithm 

allows for calibration, which makes the laser installation precision difficult. The centers can be calibrated, i.e. 

virtually offset. 

The image processing algorithm uses the open-source Aforge library to optimize image processing.  
To identify the center of the gap, only the red channel is first filtered (Figure 4). A convolutional mask 

is designed for this treated image, which is designed not to take into account vertical glare. The result can be 
seen in Figure 5. 

 

Figure 4 Image of filtered red channel [own study] 

 

Figure 5 Image of finding the linear laser [own study] 
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Instead, a blue channel is used to identify point lasers (Figure 6). The filter threshold is used for filtering.  

It only takes pixel values that have a higher value than the one set in the filter. The result can be seen in  
Figure 7. [8] 

 

Figure 6 Image of filtered blue channel [own study] 

 

Figure 7 Finding two-point lasers [own study] 

 

Figure 8 The resulting view for the operator [own study] 

Current position

Required position

Maximum permissible deviation
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Once the positions are determined, the image is expanded by the information that has been detected. 

The current position of the welding head, the position of the welding head and the deviation from the desired 

position are displayed. The operator is also presented with recommendations for position compensation, 

and the operator is warned when the deviation is disproportionate. The output image for the operator 
is shown in Figure 8.  

CONCLUSION 

Replacing an existing solution will lower the operator's attention. Provides the operator with clear information 

about the position of the welding head and its deviations from this position. It will then provide 

a correction recommendation. In the event of an ever-increasing or unacceptable deviation, the operator alerts, 

thus increasing the overall quality of the operation, reducing the scrap and thus the production costs. 
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Abstract 

Management of metal and fossil fuels resources is one of the goals of the electromobility development. The 

aim of this study was to evaluate cumulative metal demand in battery electric vehicles (BEVs) based on life 

cycle assessment (LCA). Metal and mineral demand covered the whole life cycle with a special focus on the 

electric vehicle batteries. Previous papers focused primarily on one category of environmental impact - 

greenhouse gases emission from electric vehicles with the Well To Wheel method. The paper presented 

results of LCA for electric vehicles with a lithium-ion battery use for mechanical drive. Based on the LCA carried 

out it was shown that battery and car production are the main determinants for BEVs in Poland. It is associated 

with the amount of used different metals demand, particularly manganese, copper, iron, molybdenum and 

chromium. The work addresses important problems associated with the metals management. This is the first 

attempt at a cumulative metal demand of BEVs life cycle in Poland.  

Keywords: Metal demand management, electromobility, electric vehicle batteries, life cycle assessment 

1. INTRODUCTION 

In Poland battery electric vehicles (BEVs) become an important element in the development strategies of the 

automotive industry. On 28 December 2017, the Electromobility Law was adopted by the Polish Government. 

The Act of 11 January 2018 on Electromobility and Alternative Fuels came into force on 22 February of this 

year. Reducing resources demand is one of the priorities of the European Commission, therefore necessary 

is to evaluate the consumption of resources, including metals and minerals of developed electric vehicles in 

Poland. The method that enables performing the metal demand assessment in the life cycle of BEVs is life 

cycle assessment (LCA). The LCA is a new approach to the assessment of environmental aspects and allows 

identification of environmental burdens related, both directly and indirectly, to the life cycle of a vehicle, taking 

into account the construction, operation, and decommissioning phases [1]. Up till now management of 

resources for supply chains were presented in the papers [2-4]. Previous work on environmental assessment 

in road transport using the LCA focused mainly on greenhouse gas (GHG) emissions analysis. Till date many 

publications presented GHG emissions results from BEVs [5-7]. Several LCA studies have compared the LCA 

of battery electric vehicles (BEVs) versus internal combustion engine vehicles (ICEVs) [8-11]. These studies 

found that BEVs have significant potential to reduce GHG emissions. Several studies have identified the 

primary life cycle inventory and life cycle assessment of batteries production [12-16]. Five different Li-ion 

battery chemistries were covered by these studies: lithium iron phosphate, manganese oxide and composite 

oxides, all with graphite anodes, and lithium iron phosphate with a lithium titanate anode. Inventory of the 

batteries production such as nickel metal hydride and lithium nickel cobalt manganese batteries were shown 

in the paper [15]. A well-documented inventory for the comparison of two prospective production processes of 

a new generation of batteries containing lithium-iron phosphate was presented in the paper [16]. The analysis 

focused on battery production and its contribution to the BEVs life cycle. The metal and mineral requirements 

of individual vehicle model and can vary depending on the design and manufacturing process. In current Tesla 

models, lithium, graphite, cobalt, copper, titanium, aluminum and nickel are used. For a Nissan Leaf the battery 

uses quantities of manganese. Other cars use different metals including rare earth elements (REEs) in 

electronics and steel in electric vehicle. 
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The purpose of this work was to assess the cumulative metal demand of battery electric vehicles. In this paper, 

we outline the main sources of impact for metal demand for the BEVs analyzed.  

2. ASSUMPTIONS AND METHODS 

The goal of this paper was to perform an LCA of BEVs life cycle in Poland taking into account the Polish 

electricity production for charging car batteries. The main sources of cumulative metal demand in BEVs were 

identified. The life cycle assessment was conducted in accordance with the ISO 14040:2006. The LCA was 

made using the SimaPro v. 8.5 package with the Ecoinvent v. 3 database, which was used as the background 

dataset. Pursuant to the ISO 14040:2006 standard, the purpose and scope of the work, including the functional 

unit, system boundary, and basic assumptions for analyses, were defined. The second phase involved 

analyzing the sets of inputs and outputs, the life cycle inventory (LCI), which is an inventory of all the data 

necessary for the assessment of the life cycle. The next phase, the life cycle impact assessment (LCIA), 

enabled calculation of the values of the environmental impact categories according to the assessment methods 

selected. The last phase was interpretation of the results obtained. The system boundary includes the range 

of processes from cradle to grave: vehicle production, battery production, fuel supply (Polish electricity mix for 

BEVs), use phase of the vehicles (including vehicle maintenance), road construction, disposal, and 

maintenance. The paper presented results of LCA for a lithium-ion battery use for an electrical vehicle. For 

environmental impact assessment of metal demand, the LCA was performed using ReCiPe Midpoint method 

from the hierarchical perspective [18]. The primary objective of the ReCiPe method is to convert the long list 

of data for the life cycle into a limited is number of indicators that express the relative intensity of the impact 

category [18]. A vehicle equipped with a lithium-ion battery (LiMn2O4 battery) was chosen for the analysis. The 

choice of this type of battery was justified because it is the most frequently used battery for BEVs. Battery 

inventories were adapted from the paper [15]. It should be noted that the ReCiPe method doesn’t include 

characterization factors for lithium [9].The basic assumptions and the sets of input and output data used for 

individual phases of the BEVs life cycle were from the paper [19]. The analyses were performed for metal 

demand category which is significant problem in circular economy model. 

3. RESULTS AND DISCUSSION 

3.1. Metal demand impact category of electric vehicles 

Based on the LCA carried out it was 

shown the main factors exerting 

influence in cumulative metal 

demand impact category for 

electric vehicle life cycle in Poland 

are battery production (which 

constitutes 57 %) and passenger 

car production (which constitutes 
39 %) (Figure 1). Polish electricity 

production for charging car 

batteries constitutes only 3 % share 

of metal demand in electric vehicle 

life cycle which means that this 

factor is negligible. 

To establish the determinants of 

metal demand impact category, an analysis of the impacts of elements contained in the system boundary was 

Figure 1 Cumulative metal demand of electric vehicle life cycle in 

Poland 
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carried out. The determinants of metal demand of electric vehicle life cycle are shown in Figure 2 and  

Figure 4 respectively.   

3.2. Determinants of metal demand for vehicle batteries and passenger cars 

According to the analyses carried out, the main determinants of metal demand for electric vehicle batteries are 
the cathode (LiMn2O4, for lithium-ion battery) and anode (graphite, for lithium-ion battery) (Figure 2). Cathode 

constitutes 33 % of the metal demand from vehicle batteries and anode constitutes 67 % of the metal demand 
from vehicle batteries. Metal demand in process of vehicle battery production is shown in Figure 3. 

 
Figure 2 Determinants of metal demand for electric vehicle batteries 

In the case of cathode almost 100 % shares of the metal demand indicator are attributed to the demand of the 

manganese. In the case of anode almost 88 % shares of the metal demand indicator are attributed to the 

demand of the copper, 6 % shares are attributed to the demand of the molybdenum, 1.5 % indicator is 

attributed to the demand of the chromium and the others are 4.6 %. 

 

Figure 3 Metal demand in process of vehicle battery production 

The main determinants of metal demand of passenger cars are shown in Figure 4. For the electric passenger 

car (without battery) the largest portion of metal demand is related to the glider (constitutes 65 %) and 
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powertrain (constitutes 35 %). The glider includes the body of the car, the steering, braking and suspension 

system, cockpit equipment (seats and belts), tires, and non-propulsion related electronics. The powertrain 

includes the manufactured modules in the electric drivetrain (motor, inverter, converter, charger, power 

distribution unit and cables) and assembles them together. The results of metal demand impact category of 
passenger car are presented in Figure 5. 

 
Figure 4 Determinants of metal demand for passenger cars 

 

Figure 5 Metal demand in process of passenger car production 

In the case of glider 33.6 % shares of the metal demand indicator are attributed to the demand of the iron, 17.1 

% shares are attributed to the demand of the copper and 16.8 % shares are attributed to the demand of the 

molybdenum, 15 % shares are manganese, 12.5 % is the chromium and 8.4 % is gold demand. 

In the case of powertrain almost 42 % shares of the metal demand indicator are attributed to the demand of 

the copper, 20.4 % shares are attributed to the demand of the gold, 12.1% shares are attributed to the demand 

of the molybdenum, 11.7 % shares are attributed to the demand of the tin, 9.1 % shares are attributed to the 

demand of the manganese and 5.2 % is the chromium demand. 
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4. CONCLUSIONS 

Efficient use of metal and minerals resources is one of the essential elements of transport development aimed 

at promoting sustainable development, that is why analyses are important to identify the demand of these 

resources in production processes.  

This paper addresses important problems associated with the assessment of metals management. Metal and 

mineral demand covered the whole battery electric vehicles life based on the LCA the cumulative metal 

demand for battery electric vehicles was assessed.  

Based on the LCA carried out it was concluded that battery and car production are the main determinants for 

BEVs in Poland. It is associated with the amount of different metals used.  It was concluded the metal demand 

indicator in battery production process is determined by the amount of used cathode, which is directly 

associated with the manganese demand and amount of used anode, which is directly associated most of all 

with the copper demand. It was concluded the metal demand indicator in passenger car production process is 

determined by the glider and powertrain.  

The highest metal demand is related to the manganese (which constitutes 40 %) and copper demand 

(constitutes 28 %). Iron consumption is also high (constitutes 12 %). Gold and chromium consumption are also 

high indicators of metal demand and constitute 7 % and 5 % respectively. Other metals and minerals 

constitutes 9 % (including tin, molybdenum and nickel). 

This is the first attempt at a cumulative metal demand of BEVs life cycle in Poland. The analyses carried out 

so far will be used for assessment of other impact categories of BEVs. 
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Abstract 

The article describes and analyzes specific approaches to calculation of life cycle costing (LCC) as a part of 
Life-cycle Cost Analysis (LCCA). LCCA is an approach to assessment the most cost-effective alternative in 
comparison to other alternatives when each of them is equally suited from a technical point of view. LCC 
includes the analysis of the cost over entire life of product (castings). Several specific approaches to calculation 
of life cycle costing and the differences between them are analyzed. The attention is paid especially to 
answering the question of what types of cost included in specific models are differ. Typical including costs are 
acquisition costs, design and development costs, cost of repairs, spares and failures, downtime cost, cost 
involved by loss of production, cost of maintenance and disposal costs. Differences are shown on the 
examples. At the end, an overview of the use of individual approaches is provided. 

Keywords: Life cycle costing, lean manufacturing, waste elimination, process manufacturing  

1. INTRODUCTION 

The aim of the article is to compare different LCC methods and show which of these methods can be use in 
metallurgy. Linking costs throughout product life provides a comprehensive view of product value added. For 
metallurgical products, the preparatory and implementation of production plays a major role. However, even 
in this case, it is necessary to think about the next phase of life, such as the lifetime and liquidation phase. The 
end-of-life phase of the product and disposal involve the costs of disposal and recycling. If a component is built 
into the product, its disposal costs are just a part of the cost of liquidation for the entire product. The article 
presents a comparison of few selected methods. Their advantages and disadvantages for application to 
individual processes of the castings life cycle are described and subsequent recommendations for their 
implementation are proposed. Furthermore, the suitability of choosing the correct methods, with a reference 
to different results in the overall cost of the product, is shown. 

2. LCC METHODS 

The economic analysis process is one that evaluates the total cost of investment for production, its costs 
involved by ownership of investment and lifetime costs of the system or product. The life cycle cost analysis is 
applied for it [1]. Thanks to lifecycle cost management, we can manage and optimize the life-long features and 
nature of assets with design and implementation. This fact is in a match the goals of the owners, users and 
companies [2]. The LCC intervenes in optimizing the cost of ownership, acquisition and operation of tangible 
assets throughout its useful life. It is attempting to identify and quantify all significant costs associated with that 
lifetime using a technique of present value. The LCC deals with the quantification of various options to ensure 
that an optimal asset mix is adopted. It allows to study the optimum LCC selection and to provide a certain 
compromise between the cost categories during the life of the asset [3]. Cost categories include all cash flows 
that occur during the life of the castings. From the definition of the LCC previously provided, the LCC covers 
all the expenses incurred regarding it, from the acquisition to the disposal of the product at the end of its useful 
life. Several approaches of LCC exist. The differences between them are in identification of costs [4]. Defining 
the cost structure involves cost pooling; so that potential compromises can be identified to achieve optimal 
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LCC. The nature of the defined cost structure depends on the required depth and breadth of the LCC study to 
design a range of alternative structures. It is appropriate to divide the costs into three categories [5]: 

• Engineering and development 
• Production and implementation 
• Operation 

LCC methods have a different usability. For sustainable manufacturing is necessary to use a LCC model. This 
model is serve as the primary engineering economy model [6]. The methodology of the application the LCC is 
still a problem in engineering. Most of the companies are not able to implement this method correctly [7]. LCC 
models using the simulation models as simulation Monte Carlo. The final results are inherent with the 
uncertainty of the input data into simulation [8]. Not all methods involve a whole range of costs, and then decide 
how to use them. The following Table 1 shows the individual methods with their brief description. Table 2 
shows an overview of the shortcuts used for each method. 

Table 1 LCC methods [9] 

Method Description Figure 

General Life Cycle Cost Model I Suitable for multiple application areas LCC = RC + NRC 

General Life Cycle Cost Model II It focuses on the area where logistics costs play a 
major role 

LCC = APC + ILC + RC 

General Life Cycle Cost Model III Suitable for areas with a large share of input costs 
and connectivity to other systems 

LCC = RDC + CAS + IC + 
TC + OSC 

General Life Cycle Cost Model IV Cost-effective method for cost division at LCC by 
phase 

LCC = CP + DP + PP + OP 

General Life Cycle Cost Model V A method suitable for generic expression of 
products in the preparatory, production, functional 

and disposal phases 

LCC = RDC + PCS + OSC 
+ ReDC 

General Life Cycle Cost Model VI Suitable for product with low-priced disposal phase 
versus development and investment phases LCC = RDC + IC + OSC 

Table 2 Shortcut of LCC methods [own study] 

Shortcut Description 

LCC Life Cycle Costing 

RC Recurring Cost 

NRC Nonrecurring Cost 

APC Acquisition or Procurement Cost 

ILC Initial Logistic Cost 

RDC Research and Development Cost 

CAS Cost of Associated Systems 

IC Investment Cost 

TC Termination Cost 

OSC Operating and Support Cost 

CP Cost Associated with the Conceptual Phase 

DP Cost Associated with the Definition Phase 

PP Cost Associated with the Procurement Phase 

OP Cost Associated with the Operation Phase 

PCS Production and Construction Cost 

ReDC Retirement and Disposal Cost 
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3. LCC IN METALLURGY - CASE STUDY 

The casting factory in this case study is focusing on aluminium castings. The data was obtained from the 

company's information system. The input costs were set for a sample of one casting, which followed the life 

cycle during the production phase. The lifetime of casting during the operating phase is determined by the 

overall life of the entire product, which is the part of it. The company delivers selected casting to the automotive 
industry; the overall lifetime is due to the life of the car. The connection for the individual shortcuts (Table 2) is 

added to each type of costs (see Table 3). 

Table 3 Type of costs for each shortcut [own study] 

Costs Type of costs 

Project documentation NRC, APC, RDC, DP 

Prototype NRC, APC, RDC, CP 

Salary RC, CP, RDC 

Business travel NRC, ILC, PP 

Material RC, PCS 

Energy RC, PCS 

Depreciation RC, IC, PCS 

Credit RC, RDC 

Production tools RC, PCS 

Machining RC, PCS 

Maintenance RC, PCS 

The mold NRC, APC, CAS, PCS 

Logistics RC, PCS 

Maintenance NRC, OSC, OP 

Disposal (Recycling) NRC, TC, ReDC 

All data is measured by company employees. Subsequent calculations are based on these data. Therefore, 

the results are rounded to two decimal places. The using of discount rate is necessary for considering the time 

value of money. For the calculation, discount rates were determined using the ROE (Return of Equity) indicator, 

determined within the ten-year accounting period. The average ROE ranged between year 2005 and 2014 is 
5.34 % [10]. The results of each model of LCC are showed in Table 4. 

Table 4 LCC for each method in CZK [own study] 

LCC model LCC per 1 product LCC per 1 batch (120 000 products) 

Model I 366.69 44,002,520 

Model II 366.53 43,983,200 

Model III 68.70 8,244,320 

Model IV 26.30 3,155,600 

Model V 366.56 43,987,520 

Model VI 61.21 7,345,400 

As shown in Table 4, each of methods calculates different values of LCC and some of them are not suitable 

to use in the casting life cycle costing. The problem with different values of LCC is caused by absence of 

production costs in calculation in some methods. The methods (model III, IV and VI), which absented of 
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production costs, are recommended in the area of military equipment or building construction. For 

manufacturing (foundries) the models of LCC I, II and V are recommended.  

4. CONCLUSION 

Models of LCC and cost categories are described. The using of each method is determined by the costs inputs 

of each method. There are methods which are focusing on logistical part or lifetime of each product. These 

methods are unusable for metallurgy industry. The field where are the methods focusing is influence by the 

individual variables in the equation. The differences between the methods are huge and influence the final 

calculation of the decision maker's ability to provide the necessary cost data. At the edge of Industrial 

Revolution 4.0 is still quite difficult to monitoring individual cash flows. In the future it will be easier monitoring 

individual cash flows and cost categories with on-going digitization and information interconnections. As a 

result, more sophisticated and sophisticated methods for casting and production quality assessment will be 

more widely used in sectors where are hardly traceable, such as the foundry industry. 
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Abstract 

The paper describes a case study of the Activity-Based Costing application in a selected metallurgical 

enterprise which operates heat treatment processes of metallic materials. Activity-Based Costing (abbr. ABC 

method) principle is different from the traditional approach of costing methods because it allocates consumed 

resources to the particular activities in order to achieve distribution of overheads according to real causality of 

their origin. These activities consume resources and at the same time, they are consumed by cost objects 

themselves. The analysis of the activities defines cost drivers, which make it possible to express a causal 

relation among consumed resources and cost objects. Activity-Based Costing assumes that the cause of costs 

is the activities, not the products directly. The goal of this paper is a case study of Activity-Based Costing 

application for costs evaluation in the case of a specific heat treatment process.    

Keywords: Heat treatment, Activity-Based Costing, activities, cost drivers, cost objects 

1. INTRODUCTION 

ABC is a relatively new method of cost control that originated in the United States. American authors Kaplan 

and Cooper, who presented this method in a research paper titled "Measure Costs Right: Make the Right 

Decisions" [1] in 1988, are considered to be its founders. An important role in defining and stabilizing principles 

and increasing awareness of ABC was played by an American institution, Consortium for Advanced 

Management - International (CAM-I), which defines the ABC method as "methodology that measures costs 

and performance of activities, resources and cost objects. Resources are assigned to activities and activities 

are assigned to cost objects based on their use. ABC recognizes causal relationships among resource 

consumption, activities and cost objects." [2] As well as many other economic instruments and methods, the 

ABC method also originated as a reaction to changes in economic environment. The current business 

environment is characterized by an excess of supply over demand (for most markets), shortening of product 

lifetime, a wide range of offered products, use of different distribution channels and effort to provide a wide 

range of additional services to the customers. This dynamic development of business environment has had a 

significant impact on companies' cost structures over past decades. The proportion of overheads needed for 

providing support, service, information, control and other activities increases particularly. The above mentioned 

changes taking place in the business sector and therefore in the costs structures of companies generated 

criticism of the traditional approach, which was primarily based on an effort to manage (and thus calculate) the 

cost of final outputs and gradually led to a primary focus on the costs of realized activities, actions and process 

as a whole. [3] The creation and gradual application of ABC method is also due to growing demands on 

company costing systems because the pressure on quality and structure of information for managerial 

decision-making processes increases. The company managers often try to find out which products are 

profitable and which ones are unprofitable, whether individual company activities are carried out efficiently and 

how much company really pays for these activities. The reasons highlighted above indicate that traditional 

costing methods and procedures are not able to deal with the nature of relationships between costs and outputs 

in all its complexity. Activity-Based Costing is a method which should be able to do this. 
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2. APPLICATION OF THE ABC METHOD IN HEAT TREATMENT PROCESSES 

The ABC method consists in the fact that it does not divide resources among in-house centres, but among 

activities in order to achieve overheads distribution based on the real cause of their origin. "The application 

starts with division of company activities into partial activities (e.g. material ordering, receiving and delivering, 

transporting and storing, production equipment adjusting, quality control, in-house transport, product 

packaging and expedition etc.) focusing primarily on areas, where overheads arise. It examines which costs 

are generated by the activities and tests their necessity. The relations which generate costs are called cost 

drivers (e.g. the number of orders or invoices, the number of suppliers, the number of customers, hours of 

machine work, the number of inspections etc.). The costs related to an activity are allocated to outputs (i.e. 

goods or services), i.e. individual customers as unit costs." [4] In practice, this procedure has been proven to 

be an appropriate way to eliminate the generalization of costs in various simplified allocation methods. The 

process of ABC application can be summarized into the following steps [5]: 

i. In the first step, an economic resource (i.e. indirect cost) is assigned to individual activities based on 

the resource cost driver, which defines the way of recalculating costs from accounting onto individual 

defined activities. 

ii. In the second step, the total costs of individual activities are determined, the activity cost driver is 

defined and the unit cost of activity is determined as well. 

iii. In the third step, the cost object (i.e. an output, a service, a customer etc.) is determined based on 

costs per activity unit and volume of the units that cost object consumes. 

An activity represents a fundamental element of the business process, which can be defined at least in terms 

of costs that need to be expended in connection with its realization, but also in terms of measurable output 

resulting from this activity. [3] Activities can be divided into activities adding some value to product (i.e. primary 

activities) and those once which do not add any value to product (i.e. supporting activities). Supporting activities 

(i.e. secondary activities) are carried out for internal needs and support primary activities in company. It is 

usually not possible to define any relation between their consumption and cost objects. Therefore they are not 

allocated directly to a cost object, but only to primary activities. Then costs of individual activities are assigned 

to defined cost object. Cost objects are any objects to which costs can be allocated. This includes not only 

products and services, but also for example customers, divisions, departments, product groups, production 

lines, manufacturing processes etc. So called activity cost drivers are defined by analysing business activities; 

they allow to express a causal relation among consumed resources and cost objects. ABC assumes that the 

cause of generating costs is activities, not directly products.    

2.1. Five steps of the ABC method practical application in heat treatment processes 

The ABC method was applied under conditions of a hardening shop in a selected industrial plant which 

manufactures agricultural machines. The main processes of heat treatment realized by this hardening shop 

include carburizing, quenching, carbonitriding, tempering and annealing. The above listed processes are 

realized by using continuous carburizing and quenching line, multipurpose furnace, a few tempering chamber 

furnaces, vacuum furnace, annealing furnace, a few induction quenching machines and press quenching 

machine. The main heat treated products include the components of gearboxes and engines, especially 

various types of gears and shafts. The following steps were defined for a successful implementation of the 

ABC method in the selected hardening shop.  

A. The Modification of accounting data  

The goal of this stage was to determine only the real economic costs related to currently performed activities. 

First, it was necessary to exclude costs which are not related to these activities or do not correspond to 

currently spent resources and therefore their allocation would be difficult and distorting. For example, such 
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costs include exchange rate differences, adjusting items, reserves, gifts, inventory differences etc. It was also 

decided to exclude costs which can be considered as an investment from an economic point of view as they 

are rather considered to be future long-term benefits (e.g. advertising costs or development and education 

costs). On the other hand, there were also costs included into ABC calculation which are not recorded in 

financial accounting - so called opportunity costs.  

B. Activities and cost objects identification 

In this follow-up phase of the ABC implementation, it was necessary to identify the structure of activities and 

cost objects which were monitored in the calculation. The reason for determining cost objects already in this 

moment is the fact that appropriately defined cost object has a positive impact on creating the structure of 

activities. Activities of the hardening shop were identified based on the types of heat treatment performed in 

the selected enterprise. The basis of activity structure creation was a detailed analysis of the hardening 

workplaces, the used technologies, the logistics flows and the human work. The aim of this analysis was to 

describe the mutual connection of single heat treatment processes, sub-processes, material flows and work 

organization in all workplaces. Based on obtained findings, a proposal of activity structure was made. This 

proposal was further specified by leading interviews with the production director, the hardening shop 

supervisor, a heat treatment engineer and all the involved heart treatment operators. Additional specification 

was done by using a detailed analysis of available production data. Based on the above defined steps, primary 

activities, which represent cost-important activities performed within the hardening shop, were defined in the 
first stage. Activity structures can have the following form - see Table 1.         

Table 1 Example of Primary Activity Structure in the selected hardening shop. [Source own] 

PRIMARY ACTIVITY STRUCTURE 

Workshop 
Code 

Activity 
Code 

Activity Name Activity Description 

2610 

 

 

1710 AICHELIN KSGS / carburizing Carburizing and quenching in continuous furnace. 

… … … 

1111 Handling and handwork Servicing activities taking place within hardening shop. 

The above described process was used to identify 15 primary activities, which correspond to individual heat 
treatment processes as well as finishing and service processes such as blasting, degreasing or handling and 
handwork. The possibility of obtaining relevant data from the existing company information systems, their 
regular updating and using in the ABC system was taken into account during practical application of ABC. The 
individual activities were assigned numerous codes, mainly because of the possibility of further expansion of 
the ABC calculation within production department in the selected company (i.e. within other in-house centres). 
The workshop code is based on an internal designation of individual centres in the selected company, activity 
codes then correspond to internal designations of workplaces. An important element of creating activities 
structure is also a detailed description of activities because a precise definition of their content simplifies the 
following phases of ABC application, mainly cost allocation. Only the relevant groups of costs (i.e. volume 
significant group of costs) should correspond to the activities. For this reason, all servicing activities performed 
within the selected centre were united in an activity no. 1111 Handling and handwork. In this initial phase of 
the ABC method implementation, a structure of so-called supporting activities was defined too. There were 10 
supporting activities identified in total. Among these supporting activities were included activities supporting 
purchasing raw-materials, technological preparation of production, production itself such as quality control and 
maintenance, production administration activities or certain form of opportunity costs (i.e. so-called costing 
rent). The definition of the supporting activity structure was processed in accordance to the above described 
procedure of defining primary activities. In order to understand interrelations of all the activities, their illustration 
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was designed by using an activity diagram. This visualization of all activities being processed in the selected 
company centre was very useful in following steps of the ABC method implementation. Cost object, which 
represents an object of consumption of individual activities outputs, was also defined in this phase. In 
accordance to company management requirement, the cost object was defined as one kilogram of heat treated 
material. The identification of activities, cost objects and individual links among them may be considered as a 
definition of ABC structure. 

C. Allocating costs to activities 

For the purpose of assigning costs to activities (i.e. valuation of activities), all cost types were divided into 
direct and indirect costs. Indirect costs were under higher focus in the following application of ABC, whereas 
direct costs were allocated to cost object within the last phase of method implementation. The transformation 
of individual indirect costs items from accounting and their allocation to the defined activities were done by 
using so-called Activity Cost Matrix, which clearly presents all links among cost items and activities. While 
creating the cost matrix of primary activities, the costs associated in different groups of cost types were divided 
based on the identified links to individual activities, which generated their origin. To identify these links, both 
so-called Resource Cost Drivers (RCD) and a specific form of direct allocation were used. RCD used was a 
time analysis of performance, a direct allocation, units of measure and a qualified estimation. A specific 
example of used RCD is the number of workers assigned to individual activities, which served for dividing 
personnel costs. The direct allocation of costs to primary activities was used for example in the case of 
allocation of depreciation of spring stabilizer used in connection to the press quenching machine. It resulted in 
quantification of real costs associated with primary activities outputs. The cost matrix of primary activities had 
the following structure (see Table 2). 

Table 2 Example of cost matrix used for primary activities. [Source own] 

PRIMARY ACTIVITY COST MATRIX 

Activity 
Code 

Activity Name 
Material 
CONS 

Energy 
CONS 

Repairs 
and Maint. 

Personnel 
Costs 

DEPN 
Other 
Costs 

Total 

1710 
AICHELIN KSGS / 
carburizing 

… CZK … CZK … CZK … CZK … CZK … CZK … CZK 

… … … … … … … … …  

1111 Handling and handwork … CZK … CZK … CZK … CZK … CZK … CZK … CZK 

 TOTAL … CZK … CZK … CZK … CZK … CZK … CZK … CZK 

The nature of activities does not allow to allocate supporting activities directly to cost objects. In order to meet 
the allocation principle of causality it is necessary to allocate the costs of support activities to primary activities 
in the first step and then to allocate costs of primary activities to cost objects. The transformation of individual 
indirect cost items from accounting and their allocation to the supporting activities were done by using a so-
called Supporting Activity Cost Matrix, which clearly presents all the links among primary and supporting 
activities. The costs associated in different groups of supporting activity costs were divided based on the 
identified links to individual activities, which generated their origin. Resource Cost Drivers (RCD) were used to 
identify these links. These RCD were: production volume, number of parts assigned to individual processes of 
heat treatment, working hours of heat treatment devices, number of heat treatment processes, number of 
workers assigned to individual heat treatment processes, a qualified estimation of production area. In practice, 
the process of allocating supporting activities costs is complicated by the fact that support activity outputs are 
not consumed only by primary activities but also by other supporting activities. There may be a situation in 
which particular activity outputs are consumed by an activity itself (personnel department outputs can be a 
typical example). In practice, this problem can be solved by several approaches including the use of structural 
analysis. In the case of this application, both methods of allocating supporting activities costs were processed; 
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the above described procedure using the resource cost drivers as well as the structural analysis. However, 
both approaches brought insignificant differences in their results. This was due to the character and status of 
the hardening shop in the company organizational and economic structure. The supporting activities assigned 
to the hardening shop were allocated in regard to the fact that they included their mutual consumption and 
self-consumption. However, this is a rather specific case when supporting activity costs, or their mutual 
consumption, is determined at higher company level. In practice, especially in the case of a custom hardening 
shop, a structural analysis can be an appropriate tool used for determination of supporting activity costs. This 
ABC application phase resulted in quantification of total real costs associated with primary and supporting 
activity outputs. The total costs of activities (i.e. Cost Pool) represents a group of costs associated with a 
particular company activity (i.e. with performance of this activity) and determination of their value represents a 
partial step within ABC method application, because it serves for the purpose of assessing effectiveness of 
performed activity and analysing its added value. 

D. Activity Cost Drivers definition and Activity Primary Rate calculation      

There is a fundamental difference compared to the model of traditional calculation methods in this application 
phase. First, so called Activity Cost Drivers (ACD) were established. ACD can be defined as a value by which 
an activity can be measured. A selected ACD was chosen in order to capture causality among costs and 
activity outputs and to be relatively easy quantified. For these reasons, a universal transaction driver was 
chosen as an appropriate ACD - namely production volume of individual heat treatment processes in kilograms 
in year 2017. Subsequently, Activity Recovery Rate (ARR) was determined. ARR basically represents number 
of ACDs generated by chosen activity in defined period. In this study, the ARR was determined based on the 
actual output of individual heat treatment processes in monitored period, which was relatively easily identifiable 
from company information system. After determining total costs of the activities (Cost Pool) and the ARR, it 
was possible to calculate total unit cost of activities (Activity Primary Rate). APR indicates how much costs are 
associated to output of an activity unit (i.e. costs allocated to 1 kg of heat treatment process, servicing or 
finishing activity). APR amount was determined as a proportion of total costs of activities and the ARR. The 
obtained APR values represented an appropriate information for assessing effectiveness of realized outputs 
and eventual benchmarking of individual activities. In the case of the performed study, a comparison of 
carburizing and quenching carried out in continuous and multipurpose furnaces can be given as an example. 
Of course, it is an assessment of performed outputs effectiveness done only by allocated hardening shop 
overheads in this phase. An analogous procedure allowed to determine the unit cost of primary activities 
(PAPR) and unit cost of supporting activities (SAPR). The values of ARR, APR, PAPR and SAPR can be 
displayed by suitably chosen table (see Table 3). 

Table 3 Example of calculating ARR, APR, PAPR and SAPR. [Source own] 

CALCULATION OF ACTIVITY UNIT COSTS 

Activity Code Activity Name ARR PAPR SAPR APR 

1710 AICHELIN KSGS / carburizing … … CZK … CZK … CZK 

… … … … … … 

1111 Handling and handwork … … CZK … CZK … CZK 

E. Allocating costs of activities to cost objects 

The cost object was defined as a kilogram of heat treated material. In this step full costs of cost object (FCCO) 

were determined by calculation of the APR and total unit direct cost (TUDC). The following Table 4 gives an 

example of activity costs allocation by using a so called Bill of Activities. 
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Table 4 Example: Bill of Activities (BoA). [Source own] 

BoA 
Company Centre Period 

ARR APR TUDC FCCO 2610 01/2017 - 02/2017 

Activity 
Code 

Activity Name ARR 

1710 AICHELIN KSGS / carburizing Material QTY (kg) 1 … CZK … CZK … CZK 

… … … … … … … 

1111 Handling and handwork Material QTY (kg) 1 … CZK … CZK … CZK 

It is obvious from the described steps that the ABC calculation provides a very detailed analysis of overhead 

causes, identification of activities generating the highest costs or costs which are disproportionate to their 

nature. 

2.2. Costing Sheet of heat treatment 

The last step in this practical application of ABC method in the monitored enterprise was designing of a so 

called heat treatment Costing Sheet. It is a simple tool for operative costing of specific heat treatment 

processes, which should be used by the hardening shop supervisor or a heat treatment engineer for a relatively 

easy costing of a selected heat treatment process realized on a specific equipment. The principle of this 

spreadsheet is very simple because all input data are arranged in source tables (i.e. primary and supporting 

activities cost matrix, direct cost matrix, APR table and bill of activities) so that it can be easily updated and 

changed based on the information provided by accounting and managerial reports. Using the spreadsheet is 

very simple because it is only necessary to enter the weight of the part and choose the appropriate processes 

of the intended heat treatment. The Costing Sheet then provides heat treatment costs of 1 kg, or the entire 

production batch. 

3. CONCLUSION 

The traditional calculation methods (i.e. costing by dividing, costing surcharge methods, costing in associated 

productions etc.) very often lead to a distortion of resulting costs allocated to outputs. This distortion primarily 

lies in the way these methods work with fixed costs and becomes very significant when a company is facing 

an increase in proportion of indirect costs and change in structure of realizing overhead activities. In response 

to these issues and changes of cost structures in companies, the ABC method was used in greater extent. 

The principle of ABC method is very simple, logical and conceptually different from the traditional approach of 

calculation methods. ABC does not allocate resources to centres, but to activities in order to achieve allocation 

of overheads based on real causality of their origin. Therefore its basic purpose is to find a procedure which 

better expresses the real causal effect - relationship of cause and effect. The aim of this paper was to describe 

a practical application of the ABC method focused on assessing the costs of a particular heat treatment 

operation. This goal was achieved by analysing partial steps of its implementation in the selected industrial 

company. 
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Abstract  

In the European Union (EU) serious discussion about granting market economy status (MES) to China for the 

purposes of trade defence investigations arose in 2016 and the WTO Panel is currently settling this dispute 

between China and the EU. As the steel sector is very often the target of anti-dumping investigations, firstly, 

the paper is focused on the analysis of changes in the development of the Chinese, EU and Czech steel 

production and trade in the period 2001−2016. Secondly, it explores the revealed comparative advantage 

(RCA) in the steel sector of China and the Czech Republic and compares them. The research methods 

included the analysis of statistical data about steel production and trade and in order to find out the export 

competitiveness in the steel sector, the RCA index was used. The analysis confirmed that China had 

significantly increased its market share in the steel sector even without MES. Although China had recorded 

fewer steel products with RCA than the Czech Republic, its steel trade was in surpluses and its world market 

share had increased. China’s competitiveness in the steel sector is probably influenced by some non-market 

factors. Thus, granting MES to China would support the Chinese steel exports to the EU market and have a 

negative impact on the Czech steel producers. The results of the analysis are discussed and graphically 

presented. 

Keywords: Anti-dumping, China, Market Economy Status, trade competitiveness, steel industry, WTO 

1. INTRODUCTION  

China is currently the leading producer and exporter of steel and steel products in the world. However, China 

is also the main target of anti-dumping (AD) investigations among the World Trade Organization (WTO) 

members. Up to December 2016, the WTO members could use a methodology in AD investigations that was 
not based on a strict comparison with the domestic prices or costs in China “if the producers under investigation 

cannot clearly show that market economy conditions prevail in the industry producing the like product.” [1] 

However, this methodology was disadvantageous for China that strived to get MES, which would result in 

lower AD duties for China, because the normal value would be constructed using domestic prices and costs 

rather than higher-priced third countries. As the term MES is not exactly defined in the WTO Agreements, the 

WTO members use this alternative methodology according to their national law. However, an analysis carried 

out by the European Commission in 2016 showed the strongest job losses, inter alia, in “Basic & fabricated 

Metals” and “non-metallic Minerals” if the EU grants MES to China. [2] With respect to the long-term tradition 

of steel industry in the Czech Republic, the object of this paper is to identify the changes in the steel production 

and trade in China and the EU with special focus on the Czech Republic in the period 2001-2016 and to 

determine the Czech competitiveness in steel trade in comparison with China.  

This way, the paper brings a comparison of the Chinese steel production and trade with the EU and the Czech 

Republic after China’s entrance into the WTO, i.e. in the period 2001-2016, and shows in which steel products 

China is more or less competitive than the Czech Republic. The following part of the paper is organised as 

follows: Firstly, the background of AD methodology in the EU will be introduced and the methods for exploring 

steel trade and export competitiveness in this paper will be performed. Secondly, the trends in China’s steel 

production and trade in comparison with the EU and the Czech Republic will be shown in the period 2001-

2016, and, thirdly, the Czech - Chinese steel trade competitiveness will be explored and the impact of granting 
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MES to China on the Czech steel trade competitiveness will be discussed. In the Conclusion, the main facts 

about the EU/Czech - Chinese steel production and trade will be summarised, also with respect to the anti-

dumping investigations between the EU and China.  

2. ANTI-DUMPING METHODOLOGY IN THE EUROPEAN UNION  

Although the WTO members agreed that the possibility of using alternative methodology expired upon 15 years 

of China’s entrance into the WTO, i.e. in December 2016, according to Article 15(d) of China’s Accession 

Protocol, there was a different interpretation of China’s Accession Protocol [3] and a serious discussion about 

granting MES to China took place in the EU for which China is the main target of anti-dumping investigations 

[4;5]. However, instead of the EU granting MES to China, the European Commission proposed a new 

methodology of the calculation of the dumping margin for countries with significant state-induced market 

distortions (the EU Regulation 2016/1036 on protection against dumped imports from countries that are not 

members of the EU) in November 2016. This proposal was accepted by the EU Council and the European 

Parliament in October 2017. The EU decision was based on the fact that market distortions in China had 

occurred all the time. As China did not agree with the EU stance, it asked for consultation in the WTO and the 

Panel is currently investigating this dispute (the code DS516).  

2.1.  Definition of steel products and data  

Steel products are classified in a different way, for example as per (i) stage of manufacture of the product, (ii) 

shape and dimensions of the product, and (iii) the product appearance. As per the stage of manufacture, the 

range of steel products produced in the steel plants is usually grouped into three main categories, namely (i) 

crude steel products, (ii) semi-finished steel products, and (iii) finished rolled steel products. Crude steel 

production products are either in liquid state or in solid state. Liquid steel is normally used for the production 

of steel castings. Crude steel in solid form was previously considered as steel ingots, which are produced by 

pouring liquid steel into iron moulds of a shape appropriate for the subsequent processing into semi-finished 

or finished steel products. Semi-finished steel products are produced either by rolling or forging ingots or by 

continuous casting, and are normally intended for conversion into finished steel products. Finished rolled steel 

products can be (i) hot-rolled products, (ii) cold rolled products, and (iii) coated products. [6] In this paper, we 

analyse the changes in the production of crude steel and trade of semi-finished and finished steel products. 

The data about steel production and trade were obtained from the World Steel Association and are usually 

expressed in millions of tonnes (Mt). For the purpose of analysing the steel trade flows in 2001-2016 and 

finding the revealed comparative advantage for China and Czechia in the steel sector, Chapter 72 - Iron and 

Steel and Chapter 73 - Iron or Steel Articles of the Harmonised System Codes was used and the data in USD 

were obtained from the United Nation’s Comtrade Database.  

2.2.  Measuring trade competitiveness  

Competitiveness in international trade is a measure of a country's advantage or disadvantage in selling its 

products in international markets. [7] External competitiveness is often explored in literature from the point of 

view of export efficiency or export growth that results in export gains achieved from the market share [8]. Some 

authors explore the factors or sources of external competitiveness [9;10]. In this paper, I focus on finding the 

trade (export) competitiveness of China and the Czech Republic (the EU) through the market share, trade 

balance, i.e. if a country is able to export more than import, and the Revealed Comparative Advantage (RCA) 

index. The principle of the RCA index lies in the identification of sectors with a comparative advantage by 

comparing the country of interest´s trade profile with the world average. The author of this concept is Bella 

Balassa; thus, the index that measures a country’s comparative advantage is also called the Balassa Index. 

Although alternative forms of the RCA index have been developed by other authors, the widely accepted RCA 

index has this form [11]: 
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             (1) 

where xijk represents the exports of product k from country i to destination j, Xij is the total export of country i 

to destination j, xwjk is the total world export of product k to destination j and finally Xwj represents the total world 

exports to destination j. Consequently, the numerator means the share of exports of product k (i.e. steel 

products) in the total exports of country j, while the denominator represents the share of product k (i.e. steel 

products) in the total world exports across all countries. The RCA index takes a value between 0 and ∞. The 

monitored country will achieve a revealed comparative advantage when the value of the index exceeds unity. 

When the value of the RCA index is lower than unity, the country will achieve a relative disadvantage in certain 

groups of goods, i.e. in Chapters 72 and 73 of the Harmonised System. 

3. COMPARISON OF THE STEEL PRODUCTION AND TRADE OF CHINA WITH SELECTED 
COUNTRIES 

During the last 16 years, China has become the leading world producer of crude steel and the world’s largest 

steel exporter. While in 2001 China’s share in the world crude steel production was less than 18%, it increased 

up to 49.7% in 2016. In comparison with the EU, when we consider all its 28 member states, there was an 

opposite trend. The EU’s share in the world steel production declined from about 22% to about 10% during the 
period 2001−2016. This means that China has increased its crude steel production since 2001 from 151.5 Mt 

to 808.4 Mt, i.e. by 433%, while the EU recorded a decline from 187.5 Mt to 162 Mt, i.e. by almost 14% in the 
period 2001−2016 (see Figure 1). In the EU, namely Germany, Italy, France, Spain, Poland and Belgium are 

the major steel-producing countries. The Czech Republic took the 26th position among the world’s leading 

producers of crude steel in 2016. [12] 

 

Figure 1 Development of steel production in China and the EU in 2001−2016 (Mt) 

Source: own data processing, [13; 14] 

The share of the Czech Republic in the EU crude steel production reached on average 3.3% in the period 
2001−2016 (see Figure 4). After the entrance of the Czech Republic into the EU in May 2004 its share in the 

EU steel production remained similar to the share that the Czech Republic had achieved before its membership 

in the EU. This was influenced by the fact that the Czech Republic had already recorded a significant decline 

of the volume of steel production during the 1990s as part of the complete restructuralisation of its economy. 

While at the beginning of the 1990s the Czech crude steel production reached 15.5 Mt [15], at the beginning 

of the 2000s it was only 6.3 Mt of steel. [14] 

Besides the entrance of the Czech Republic into the EU, the growing Chinese steel production and 

overcapacity in the world market also did not have a significant impact on the share of the Czech Republic in 
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the EU steel production, which was, according to the author’s own calculation, 3.4% in 2001, 3.5 % in 2004 

and 3.27% in 2016. However, the Czech crude steel production per head significantly declined during the 
monitored period (see Figure 2). While China produced almost 459 kg of steel per head more in 2016 than in 

2001, the Czech Republic’s steel production declined by almost 115 kg per head, which was more than in the 

EU that recorded a decline of steel production by almost 65 kg per head in the period 2001−2016. Although 

the Czech crude steel production per head declined during the last 16 years, the production of crude steel in 

the Czech Republic accounted for 500 kg per head in 2016, which was a higher volume than in the EU (see 
Figure 2). More than the Czech Republic, China produced almost 576 kg of steel per head in 2016.  

 

Figure 2 Crude steel production per head in the EU, the Czech Republic and China in 2001−2016 (kg) 

 Source: own data processing, [13; 14; 16] 

Besides the increase of crude steel production, China increased its exports of semi-finished and finished steel 

products from 7.3 in 2001 to 108.1 Mt in 2016, i.e. by 1.385%, and, thus, increased its share in the world steel 

exports from 2.8% to 22.8% during the monitored period. In the EU, steel exports increased by 13% in the 

period 2001−2016 and its share in the world steel exports declined from 47.7% in 2001 to 29.7% in 2016 (see 
Figure 3).  

 

Figure 3 Share of China, the EU and the Czech Republic in the world steel exports in 2001−2016 (%) 
Source: own data processing, [13; 14] 

China exports its steel products especially to South Korea, Vietnam, the Philippines, Thailand, Indonesia, India, 

Pakistan, Hong Kong, Malaysia and Taiwan. These ten countries accounted for 53% of all China´s steel 

exports in 2017 [17]. Although the EU member states are not among China’s main destinations for its steel 
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exports, the growing Chinese market share resulted in many anti-dumping or anti-subsidy investigations. From 

the whole 43 completed and on-going investigations in the area of steel products that the European 

Commission has already made against third countries since 2003, 22 investigations have been focused on 

China. The predominant part of these investigations included anti-dumping proceedings (19 cases), while 3 

cases covered anti-subsidy proceedings. [18] The main reason for using anti-dumping and anti-subsidy 

measures against China was the import of cheap steel products from China. However, while China argues that 

it offers competitive prices because it has large-scale steel production [19], the EU considers the source of 

China’s steel competitiveness to lie in the high level of government intervention in the steel industry and a high 

share of state-owned enterprises (SOEs) in the sector. Anti-dumping investigations that were carried out by 

the European Commission found that Chinese steel producers benefit from state support measures from 

financial institutions, inter alia, by access to finances at non-commerce terms. [20] According to the OECD, 

within the list of the largest steel producers in the world, the most prevalent are China’s SOEs. [21]  

Although China’s crude steel production and trade has increased significantly during the last 16 years, the EU 
has exported a higher volume of crude steel than China all the time (see the left-hand side of Figure 4). 

However, while China recorded a decline of its steel imports from 25.6 mill. Mt to 13.6 mill. Mt, i.e. by almost 

47% in the period 2001−2016, the EU recorded an increase of its steel imports by 29% at the same time (see 
the right-hand side of Figure 4). The development of the steel exports and imports led to the net exports of 

China, which it has recorded since 2005, but the EU recorded negative net steel exports in 2007, 2008 and 

2016. 

 

Figure 4 Development of the steel exports (the left side of the Figure) and imports of China and the EU (the 

right-side of the Figure) in 2001−2016 and the share of the Czech Republic in the EU steel exports (the left 

side of the Figure) and imports (the right-side of the Figure)(Mt and %) 

Source: own data processing, [13,14]  

The Czech steel exports increased from 4.4 Mt to 5.2 Mt, i.e. by 17% in the period 2001−2016, and their share 
in the EU steel exports also increased moderately (see the left-hand side of Figure 4). However, more than 

exporting them, the Czech Republic currently imports steel products. Since 2001, the Czech Republic has 

recorded an increase of its steel imports from almost 3 Mt to 6.5 Mt, i.e. by almost 117%, and its share in the 
total EU steel imports reached 4.4% in 2016 (the right-hand side of Figure 4). At the same time, the Czech 

Republic was the 20th largest steel importer in the world. [15] Thus, the Czech net exports of semi-finished and 

finished steel products have been negative since 2007. While in 2001, the Czech exports of steel products 

were by 1.5 Mt higher than its steel imports, as a member of the EU, i.e. in 2004, the Czech net steel exports 

declined to only 924 thousand tonnes. In 2016, the Czech Republic recorded a deficit in the steel trade that 

amounted to -1.3 Mt. The Czech Republic imports steel products from over 50 countries and territories [12]. 

Besides the EU, namely Germany, Poland, Slovakia, Italy, Austria, etc., Russia and Switzerland are the main 

destinations of the Czech steel exports and imports. The steel trade deficit can be the result of growing 
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competition in the EU and the world market, but also the changing structure of the Czech exports, in which 

high-technology products take a growing share.  

4. TRADE COMPETITIVENESS OF THE CHINESE AND CZECH STEEL INDUSTRY 

As has been shown, China has recorded an increasing trend in the area of steel production and trade after its 

entrance into the WTO, and, thus, it has become a major competitor of the EU in steel trade. [22] Although 

China is not the main trade partner of the Czech Republic, the total trade balance (TB) of the Czech Republic 

with China was negative during the whole time. In 2016, the trade deficit with China amounted to -15.7 billion 
USD (see the left-hand scale of Figure 5). Although steel products shared in the Czech total trade with China 

by an average of 1.2% (HS 72) and 2.4% (HS 73) during the period 2001−2016, steel trade was also negative 
for the Czech Republic (the right-hand scale of Figure 5). The largest values of trade deficit were recorded in 

HS-73. This shows a higher trade competitiveness of China in the steel sector in comparison with the Czech 

Republic. 

 

Figure 5 Czech trade balance with China in 2001−2016 (bill. USD) 
Source: own data processing, [23] 

Both countries, the Czech Republic (CR) and China, recorded an RCA in steel trade on the level of HS 

Chapters. China reached a higher RCA index than the Czech Republic in HS-72, while the Czech Republic 
recorded a higher RCA index than China in HS-73 (see Table 1 and Table 2). However, on the level of HS 

Headings the Czech Republic recorded a higher number of steel products in which it had achieved an RCA 

than China. In Chapter HS-72 (Iron and Steel), China achieved only six Headings with an RCA in comparison 

with the Czech Republic that recorded 15 Headings with an RCA. In Chapter HS-73 (Iron or Steel Articles), 

the number of steel products with an RCA was similar for both countries, i.e. China achieved 8 and the Czech 

Republic 9 Headings with an RCA. Besides this, the values of the Czech RCA index were usually higher than 

the values of the Chinese RCA index. However, many data about the export of the products in Chapter HS-73 
were not available; thus, it is not possible to compare steel data between Chapters, only between countries. 

Although China has recorded a revealed comparative disadvantage in many steel products, it is the leading 

crude steel producer in the world, which has significantly increased its market share in the world during the 

last 16 years. Thus, the competitiveness of the Chinese steel trade may be linked with market and 

competitiveness factors (such as a cheap labour force), but also government measures and policies. [24] As 

the Chinese expansion in the steel sector is connected with some forms of protectionism, this is also reason 

for frequent AD investigations and steel disputes in the WTO. [25] 
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Table 1 Revealed comparative advantages of China and the Czech Republic in HS-72 exports, 2016  

HS Code China CR HS Code China CR 

72 1.11 1.02 7215 0.49 3.81 

7201 0.07 0.13 7216 0.02 1.71 

7202 0.30 0.48 7217 0.07 3.92 

7203 0.00 0.22 7218 0.02 0.57 

7204 0.00 1.69 7219 0.37 0.37 

7205 0.50 0.36 7220 1.65 0.27 

7206 0.00 1.70 7221 0.00 0.01 

7207 0.00 0.67 7222 1.47 0.42 

7208 0.05 0.87 7223 0.63 4.23 

7209 0.78 0.19 7224 0.63 3.32 

7210 1.87 0.21 7225 0.35 0.44 

7211 0.21 2.84 7226 0.84 1.38 

7212 1.11 0.97 7227 0.02 1.06 

7213 0.07 4.63 7228 2.17 1.04 

7214 0.30 1.58 7229 0.35 5.07 
Source: own calculation 

Table 2 Revealed comparative advantages of China and the Czech Republic in HS-73 exports, 2016 

HS Code China CR HS Code China CR 

73 1.52 2.29 7322 0.33 5.03 

7301 309.65 2058.10 7323 3.80 0.72 

7302 1222.81 7822.15 7324 3.13 0.85 

7208 3849.76 5667.17 7325 0.76 5.87 

7320 0.48 3.28 7326 1.18 3.51 

7321 2.80 1.26    

Source: own calculation 

5. CONCLUSION 

What would the implications of granting MES to China be for the Czech steel industry? The analysis of the 

Chinese steel production and trade in the long-term showed that China had significantly increased its market 

share after its entrance into the WTO and had become more competitive in the world steel market. In 2016, 

almost half of the world crude steel production came from China, which significantly contributed to the steel 

overcapacity in the world. The overcapacity usually led to introducing some protectionist practices, such as 

export limitation, export duty on materials, etc. [26]  

Although China is not Czechia’s major trade partner and steel trade does not play an important role in their 

bilateral trade, trade with China was in deficit for the Czech Republic for the whole time. More than to China, 

the Czech Republic exports to the EU. The Czech share in the EU steel production remained stable and in the 

EU the steel exports increased moderately during 2001−2016. However, the Czech steel trade has been in 
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deficit since 2007 and its steel production per head has declined significantly during the last 16 years. The 

trend in the development of the Czech share in the world steel exports shows that the Czech Republic is less 

competitive than before, although it has achieved an RCA in more steel products than China. As the EU 

considers SOEs as the main source of the Chinese steel competitiveness, granting MES to China would thus 

support the Chinese steel exports to the EU still more, which would create a higher competition for the Czech 

steel producers and exporters in the EU market. China finds itself in a similar situation to that in which the 

Czech Republic was thirty years ago. China has to reduce its overcapacity, reorganise and integrate 

companies within the steel sector and especially remove non-market distortions in the steel sector. Although 

the Chinese government (including the local governments) announced in its 13th Five-Year Plan (FYP), and in 

more detail in the 13th FYP for Steel for the period 2016-2020, to make structural changes on the supply-side 

in order to solve the problem of overcapacity, the steel industry is still considered as an important, fundamental 

sector of the Chinese economy [20]. 
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Abstract  

Nowadays sustainability plays a crucial role in managing the companies. Metal industry organizations 

implement a variety of innovations paying special attention to sustainability, both in production and materials 

area. Continuous improvements in sustainability are challenging both technologically and in terms of 

management. In this paper sustainable innovation process management is described and evaluated. The 

period of analysis includes years 2010-2017. 

Keywords: Metal companies, sustainability, innovation, management 

1. INTRODUCTION 

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 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. 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). 

The main aim of current paper is focused on the sustainable innovation process management in metal 

companies. It was described and evaluated by the author’s own research for years 2010-2017. 

2. SUSTAINABILITY OVERVIEW 

The general concept of sustainability is a dynamic equilibrium in the process of interaction between a 

population and the carrying capacity of its environment such that the population develops to express its full 

potential without producing irreversible, adverse effects on the carrying capacity of the environment upon which 

it depends.[2] 

Sustainability can be thought of as the goal of ‘sustainable development’. Sustainability is open to different 

interpretations and takes on different meanings not only between different interest groups within societies but 

also between different societies. Sustainability seeks an improved quality of life and embraces equality for all, 

and for this reason a key aim of sustainability is to enable multi-stakeholder groups to define their vision of 

sustainability and to work towards it. [3] From the point of view of neo-classical economic theory, sustainability 

can be defined in terms of the maximization of welfare over time. (This is assumed to be human welfare - the 

claims of the non-human world arise when we consider the ecological perspective.) Most economists simplify 

further by identifying the maximization of welfare with the maximization of utility derived from consumption. 

While this may be criticized as an oversimplification, it certainly includes many important elements of human 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1880 

welfare (food, clothing, housing, transportation, health and education services, etc.) and it has the analytical 

advantage of reducing the problem to a measurable single-dimensional indicator. A formal economic analysis 

then raises the question of whether sustainability has any validity as an economic concept. According to 

standard economic theory, efficient resource allocation should have the effect of maximizing utility from 

consumption. If we accept the use of time discounting as a method of comparing the economic values of 

consumption in different time periods, then sustainability appears to mean nothing more than efficient resource 

allocation - a concept already well established in economics.[4] 

Most forward-looking businesses understand that the traditional trade-off between sustainability and 

profitability is an outmoded perspective. They know that operating sustainably is a mind set with a focus on 

the creation of long-term shareholder value. That means adhering to the fundamental tenets of good 

entrepreneurship - identifying the changing needs and demands of society, and responding with successful 

business models. Business leaders who operate sustainably recognise that social, environmental, economic 

and ethical factors affect their core business strategies. These leaders evaluate the spectrum of sustainability 

issues and respond by mitigating risks and leveraging opportunities.  

Operating sustainably does not only entail containing risks. For leading businesses, assessing the risks that 

all stakeholders face can yield rich opportunities. The growing number of consumers seeking healthy and 

sustainable lifestyles constitutes a potentially vast market for new products and services. Consumers’ 

environmental, ethical and social concerns, for example, mean that their donations of quality extend to 

products’ lives before and after their use. They may place a higher value on digital cameras built in plants 

where workers are protected from toxic components, whose parts are reusable and whose manufacturers take 

responsibility for the recycling of those parts. Wherever environmental, social or ethical issues can be 

addressed businesses have an opportunity to innovate, differentiate, create value and attract more customers. 

They are also opportunities to attract and motivate employees.  

Although businesses now understand that pursuing sustainability is a long-term investment, they constantly 

face the challenge of alleviating shareholder concerns about short-term results that may disappoint because 

of the company’s longer-term objectives. Their continuing challenge is to clearly communicate that operating 

sustainably is an inescapable imperative for businesses that aspire to prosper on the only planet currently 

available to them.  

Sustainability issues pose a unique set of challenges and afford a distinct set of opportunities to every sector. 

The global reach and complexity of supply chains, raw materials required for production, the nature of products 

and the special characteristics of a company’s workforce all determine which risks play the most significant 

roles in any given sector, and which opportunities exist. We have highlighted these unique combinations for 

key sectors: energy, transportation and logistics, retail and consumer, technology, and banking and capital 

markets. In each, we’ve also included one or two brief case studies, describing how leading companies, with 

the help of PricewaterhouseCoopers, have successfully adopted the sustainability agenda. [5] 

3. SUSTAINABLE INNOVATION 

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. The most valuable assets of a 21st century firm are its 

knowledge workers and their productivity. Knowledge- intensive organisations, ranging from knowledge-
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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 [6]:  

• 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.  

• 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. 

The discussion about Sustainable Development also requires a closer look at the question of how to achieve 

this massive transition towards a new global paradigm. As mentioned, the world and our global society require 

a shift towards a more responsible treatment of environmental, social, and economic capital. For this reason, 

new ideas and innovations must be created. The concept of innovation in our present understanding is 

symbolically represented as society’s "engine of growth" [7], illustrating the strong economic orientation of the 

concept of innovation. This characteristic has been solidified notably by the treatises of Joseph Schumpeter 

at the beginning of the last century, who defined innovation as “realisation of new combinations” and that this 

is “the overwhelming fact in the economic history of the capitalist society“ [8]. Since then, the concept of 

innovation had led to a variety of possible definitions. For instance, Edison et al. identified 41 possible 

definitions for this term [9]. 

Nevertheless, the core characteristic of the term of innovation can be seen in the origin of the Latin verb of 

“innovare”, which can be translated as “renew”. Thus, innovation can be understood as “renewal”. Renewals 

are mandatory not only to drive the engine of our economy, but also rather to keep the engine of our planet 

running. Therefore, the combination of sustainability and innovation is indispensable to realize new 

combinations, which can lead to an innovation process tackling the current sustainability challenges. Nidumolu 

et al. described sustainability as the relevant key driver for innovation in the 21st century [10]. 

The expressions for combining innovation and sustainability include sustainable innovation, sustainability-

driven innovation and eco-innovation. The concept of eco-innovation was firstly defined by James as "new 

products and processes which provide customer and business value but significantly decrease environmental 

impact" [11]. Complementary to this, the OECD defined eco-innovation as "the production, assimilation or 

exploitation of a novelty in products, production processes, services or in management and business methods, 

which aims, throughout its lifecycle, to prevent or substantially reduce environmental risk, pollution and other 

negative impacts of resource use (including energy)" [12]. In this context, the implementation of eco-

innovations can address technological, organizational, social and institutional levels and involves all three 

pillars of sustainability [13]. Sustainability driven innovation is defined according to a report from Arthur D. 

Littles as “the creation of new market space, products and services or processes driven by social, 

environmental or sustainability issues." [14]. The term sustainable innovation was defined by Horbach in the 

context of Sustainable Development as following: “Sustainable innovations not only comprise the 

environmental dimension but also economic, social and institutional aspects. They improve the realization of 

the aims of a sustainable development and represent a subset of all innovations." In conclusion, the 
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aforementioned terms are strongly based on the same understanding and are focused on a holistic view of 

sustainability. 

The innovation process itself can be divided into several phases, including sub-processes, from the generation 

of ideas, to developing the invention, and up to the diffusion process [15]. It can be described by a multitude 

of different process models [16-18]. Cooper describes the innovation process with his commonly used Stage 

Gate. Model covering five stages. This model is determined as a sequential process chain with precise 

milestones for the innovation process marked by so-called gates [16]. Due to the continuously decreasing 

timespan of innovation cycles, the model was lately adapted to the current understanding of innovation as a 

process with a stronger orientation towards the customer. Furthermore, Cooper identifies an initial starting 

point for any innovation in his process model, which he determines as the discovery and idea generation phase 

[19]. The established term for this phase is the so-called fuzzy front end of innovation (FFE). This is defined 

by Koen et al. as “those activities that come before the formal and well-structured New Product and Process 

Development (NPPD) or Stage Gate process. 

Even though there is a continuum between the Front End of Innovation (FEI) and the NPPD, the activities in 

the FEI are often chaotic, unpredictable and unstructured” [20]. The FFE process is the first prerequisite for 

any innovation and addresses the generation of ideas [21]. Furthermore, the consideration of this phase has 

a decisive influence on the quality of innovation [22]. In the past, the scientific focus was predominantly on 

sustainable product design and thus on the NPPD process [23]. Consequently, it is now necessary to look 

more closely at the question of how sustainability values can be fostered throughout idea generation during 

the early phase of the innovation process. 

Charter writes in this context: "Environmental considerations may be included early on in the idea generation 

stage as a stimulus to new or "out-of-the-box“ thinking and/or it can be used as part of a conceptual refinement 

process. Inclusion of environmental aspects at this stage has significant potential to reduce life-cycle impacts." 

Every FFE process starts with an initiative based on creative observation and idea initiation. The impulse for 

an idea results from the deviation between the expectations of the initiator and an observed state. This leads 

to the intention to close this observation gap [21]. To do so, the process of analysing the gap and the generation 

of an exact problem definition should precede. This is followed by the generation of solution ideas. 

Subsequently, the FFE process is completed by assessing and selecting a most suitable solution idea. The 

overall process is based on an iterative procedure [23]. 

The initiation phase of sustainable innovations, with its strong problem-solving approach, must be taken into 

account in particular. Gassmann and Sutter already give an initial insight into the formability of the initiation 

phase of the innovation process: "The early stages require creativity and require a lot of patience. In such an 

environment, leadership means setting a vision, creating guardrails and leaving the detail work to the creative 

workforce. The later phases of innovation are to lead more than the early stages, as the demand for creativity 

decreases and the implementation becomes more important."[24] 

4. CONCLUSIONS 

Downward tendency in metal 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 2016, 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 

requirements on the levels of steel supply and provide an opportunity for revival of Polish metal industry.  

[25-27] 

Current industrial development is faced by the global challenge to meet the continuously growing demand for 

capital and consumer goods in emerging countries while simultaneously ensuring a sustainable industrial 

growth in the social, environmental and economic dimension [28-29]. By means of market dynamics of 
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cooperation and competition in global value creation and knowledge networks, innovations geared towards 

sustainability can be essential drivers for realizing a sustainable development. The targeted development of 

new sustainable innovations is consequently a key activity in order to move towards sustainable industrial 

growth. 
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Abstract 

Over the last decade, sustainable development is a key strategy used by global leaders in all industries. The 

implementation of this strategy is regularly published through sustainability reports. The subject of the study is 

to analyse the preferences of the topics of sustainable development of the leading metallurgical producers. 

The aim is to identify those areas considered by the leaders of the metallurgical industry to be the most 

important for their long-term sustainable development. 

Keywords: Sustainability, metallurgical industry, sustainability reports 

1. INTRODUCTION 

Sustainability is widely accepted as one of the most important approaches, which allows to reach a long-term 

success in the industry. Sustainable development is considered as a key strategy in recent times used by 

global leaders of all industries. The company's strategy is regularly published in the form of sustainability 

reports. 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]. They define 

their key areas of sustainable development, define strategic goals and activities for them, and evaluate their 

performance. The article is devoted to the analysis of the preferences of areas of sustainable development of 

the leading manufacturers of the metallurgical industry in the world context. The aim of the paper is to identify 

key topics areas that the metallurgical industry leaders consider to be the most important for their long-term 

sustainable development and to evaluate them in terms of the principles of sustainable supply chain 

management. 

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 
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development of metallurgy by improving its sustainability, from basic theories through methodologies to 

practices. 

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 

Global Reporting Initiative (GRI) standards for sustainability reporting were used to carry out the comparative 

study. The GRI standards enable organizations to measure and understand their most critical impacts on the 

environment, society and the economy [1]: (1) The economic dimension of sustainability concerns an 

organization’s impacts on the economic conditions of its stakeholders, and on economic systems at local, 

national, and global levels; (2) The environmental dimension of sustainability concerns an organization’s 

impacts on living and non-living natural systems, including land, air, water and ecosystems; (3) The social 

dimension of sustainability concerns an organization’s impacts on the social systems within which it operates. 

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]. 

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  

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 20 steel-producing companies were selected. The 
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selection criteria were: (1) The sustainability report is available in GRI Sustainability Disclosure Database or 

on web sites of the company; (2) The sustainability report is in the English language; (3) The report includes a 

materiality analysis according to GRI standards. These criteria were met by four companies: ArcelorMittal, 
POSCO, Tata Steel Group, and China Steel Corporation (see Table 2). 

Table 2 Top steel-producing companies in 2016, tonnage in million tons of crude steel production [9] 

Rank Company Country Tonnage Identifier References 

1 ArcelorMittal Luxembourg 97.14 I. [10] 

4 POSCO South Korea 41.97 II. [11] 

10 Tata Steel Group India 26.31 III. [12] 

19 China Steel Taiwan 15.50 IV. [13] 

As a basic approach to the analysis of preferences, the analysis of the so called materiality matrices was 

chosen [14, 15]. Within this, the companies themselves identify the most important (key) areas of sustainability. 

The materiality matrix allows the assessment of a wide range of possible topics in terms of the significance of 

the economic, environmental and social impacts of the organization and the impact on stakeholder evaluation 
and decision making [1, 16]. The materiality matrix is shown in Figure 1. The key topics are the ones that show 

high economic, environmental and social impacts and high impact on stakeholder assessment and decisions. 

The analysis was based on the categorization of the key topics identified by individual companies in terms of 

GRI topics defined by GRI standards. The GRI topics with the most frequent occurrence are considered to be 

the most significant. 

 

Figure 1 Materiality matrix [1]  

4. RESULTS AND DISCUSSION 

The key sustainability topics identified by the companies studied are listed in Table 3. In the “No. of key topics” 

is presented the overall number of topics which was identified by a given company in the frame of the 

materiality analysis as well as in the number of topics which is considered as being the key ones. The table 

makes it obvious that the number of the identified and also the key topics differs quite significantly. 
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Table 3 Key sustainability topics in studied companies 

Company No. of key topics Key topics 

I: ArcelorMittal 
11 key topics from 23 

significant topics 

Occupational health and safety 

Training and education 

Emissions 

Employment 

Economic performance 

Local communities 

Fighting corruption 

Water 

Energy 

Biodiversity 

Effluents and waste 

II: POSCO 
19 key topics from 46 

significant topics 

Management’s (financial results including revenue, operating profit) 

Innovation management and cost reduction 

R&D (e.g. R&D expenses, research and development, 

technology development) 

Corporate governance (appointment of CEO) 

M&A and restructuring of group companies 

Customer relationship management (customer satisfaction, 

quality management) 

Climate change (GHG and energy management) 

Risk management (financial and non-financial integration 

management) 

Safety (accident cases, lost-time injury frequency rate) / health 

Environmental management policy 

Water management 

Communication with stakeholders 

Product quality 

Corporate ethics/anti-corruption 

Social contribution program (support for multicultural families, 

steel house construction) 

Employee satisfaction 

Human resource development 

Women’s rights and diversity 

Community involvement (employment of local residents and 

social contribution to local communities) 
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Continue 

Company No. of key topics Key topics 

III: Tata Steel Group 
11 key topics from 19 

significant topics 

Promoting ethical behavior 

Stakeholder Identification & Management 

Resource consumption 

Emissions 

Land acquisition and R&R (operations to be commissioned) 

Community engagement and satisfaction 

Environment performance management 

Occupational health & safety 

Capacity building of employees 

Local infrastructure development 

Leadership policy and oversight on sustainability 

IV: China Steel 
Corporation 

16 key topics from 35 
significant topics 

Sustainable development strategy 

Operational financial performance 

Product quality/technology R&D 

Corporate governance 

Air pollutants 

Water use and waste sater discharge management 

Waste management 

Energy consumption and management 

Hazardous substance control 

Environmental policy/management system 

GHG emissions 

Material use and recycled materials 

Occupational safety and health 

Labor/management relations 

Employee welfare and salary 

Talent recruitment and retention 

The results of the materiality matrix analysis are shown in Tables 4 to 7. The tables include only the GRI 

sustainable topics that the companies studied considered to be key (other topics are listed in Table 1). The 

individual key topics were assigned to the GRI topics. In some cases, one key topic falls into several GRI 

topics or, on the contrary, several key topics fall under one GRI topic. Certain key topics could not be assigned 
to any of the GRI topics. These topics are referred to as "other" and are listed in Table 7. 

Table 4 Results of the materiality matrices analysis for economic dimension 

Economic topics 
Company 

I II III IV 
Economic 
Performance 

Economic 
Performance 

Management’s  
Operational financial 

performance 
Indirect Economic 
Impacts 

  
Local infrastructure 

development 
 

Anti-corruption Fighting corruption 
Corporate ethics/anti-

corruption 
Promoting ethical 

behavior 
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Table 5 Results of the materiality matrices analysis for environmental dimension 

Environmental topics 
Company 

I II III IV 

Materials   
Resource 

consumption 
Material use and 

recycled materials 

Energy Energy Energy management  
Energy consumption 

and management 

Water Water Water management  
Water use and waste 

water discharge 
management 

Biodiversity Biodiversity    

Emissions Emissions GHG management Emissions 
Air pollutants / GHG 

emissions 
Effluents and Waste Effluents and Waste   Waste management 

Environmental 
Compliance 

 
Environmental 

management policy 

Environment 
performance 
management 

Hazardous substance 
control / 

Environmental 
policy/management 

system 

Table 6 Results of the materiality matrices analysis for social dimension 

Social topics 
Company 

I II III IV 

Employment Employment Employee satisfaction 
Capacity building of 

employees 
Employee welfare 

and salary 
Labor/Management 
Relations 

   
Labor/management 

relations 
Occupational Health and 
Safety 

Occupational health 
and safety 

Safety / health 
Occupational health 

& safety 
Occupational safety 

and health 

Training and Education 
Training and 

education 
Human resource 

development 
 

Talent recruitment 
and retention 

Diversity and Equal 
Opportunity 

 
Social contribution 

program / Women’s 
rights and diversity 

  

Local Communities Local communities 
Community 
involvement 

Community 
engagement and 

satisfaction 
 

Table 7 Results of the materiality matrices analysis for other dimension 

Other topics 
Company 

I II III IV 

Innovations and R&D  

Innovation 
management and 

cost reduction / R&D / 
Product quality 

 
Product 

quality/technology 
R&D 

Corporate Governance  
Corporate 

governance 
 

Corporate 
governance 

Mergers and Acquisitions 
(M&A) 

 
M&A and 

restructuring of group 
companies 

  

Customer Satisfaction  
Customer relationship 

management 
  

Risk Management  Risk management   

Communication with 
Stakeholders 

 
Communication with 

stakeholders 

Stakeholder 
identification & 
management 

 

Sustainable 
Development Strategy 

  
Leadership policy and 

oversight on 
sustainability 

Sustainable 
development strategy 

Land Acquisition and 
R&R 
 

  
Land acquisition and 

R&R (operations 
to be commissioned) 

 

The identification of the key topics, which are among the most preferred metallurgical industry leaders, was 

made on the basis of the frequency of occurrence. The following occurrence values have been chosen as 
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threshold: (1) Very important topic - 3 or more occurrences (over half the occurrences); (2) Important topic - 1 

or 2 occurrences, (3) Unimportant topic - zero occurrence. The results obtained can be summarized as follows: 

Economic topics: (1) Very important topics: Economic Performance and Anti-corruption; (2) Important topic: 

Indirect Economic Impacts; (3) Unimportant topics: Market Presence, Procurement Practices and Anti-

competitive Behavior. 

Environmental topics: (1) Very important topics: Energy, Water, Emissions and Environmental Compliance; 

(2) Important topics: Materials, Biodiversity and Effluents and Waste; (3) Unimportant topic: Supplier 

Environmental Assessment. 

Social topics: (1) Very important topics: Employment, Occupational Health and Safety, Training and Education, 

and Local Communities; (2) Important topics: Labor/Management Relations and Diversity and Equal 

Opportunity; (3) Unimportant topics: Non-discrimination, Freedom of Association and Collective Bargaining, 

Child Labour, Forced or Compulsory Labor, Security Practices, Rights of Indigenous Peoples, Human Rights 

Assessment, Supplier Social Assessment, Public Policy, Customer Health and Safety, Marketing and 

Labelling, Customer Privacy, and Socioeconomic Compliance. 

Others topics: (1) Very important topics: no topic was assigned to this group; (2) Important topics: Innovations 

and R&D, Corporate Governance, Mergers and Acquisitions (M&A), Customer Satisfaction, Risk Management, 

Communication with Stakeholders, Sustainable Development Strategy, and Land Acquisition and R&R. 

In the overall context, the most important topics are Emissions, Employment, and Occupational Health and 

Safety, which belong among the key topics in all studied companies. 

5. CONCLUSION 

The comparative study of sustainable topics in the metallurgical industry allows to identify the most important 

topics in the economic, environmental, and social sustainability dimensions. Economic performance is the 

most important topic in the economic dimension because it has been a critical success factor of each 

metallurgical company for many years. However, a great emphasis is also placed on the anti-corruption 

behavior. 

The analysis of the environmental dimension indicates that the dimension is very crucial for the metallurgical 

industry due to very serious negative impacts on the environment, especially in the areas of emissions release, 

energy and water consumption, and environmental compliance. 

Employee aspects are very important for the 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 an increased risk of injuries and/or fatalities. Training and education is also an important factor 

for internal sustainability of metallurgical companies. Local communities support its importance, because large 

metallurgical companies have a major influence on the region in which they operate. 
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Abstract  

Quality management tools are instruments that enable collecting and processing data on events and processes 

taking place in the organization, related to various aspects of quality management. The most important group 

of tools is called Seven Basic Tools of Quality, Magnificent Seven or 7 QC Tools. They are called basic 

because they are suitable for people with little formal training in statistics and they can be used to solve the 

vast majority of quality-related issues. They allow to easily analyze the quality of chosen products. They also 

allow for data visualization, monitoring and diagnosis of processes. Thanks to them, an enterprise can check 

the effectiveness of the actions taken and decisions made. In the paper the quality analysis of the steel bars 

was presented. The data comes from the steelwork in Poland (its rolling mill). Pareto chart and Ishikawa 

diagram were chosen for this analysis. The Ishikawa diagram allowed to group the causes of nonconformities 

of the steel bars, while the Pareto chart allowed to indicate which of these causes contribute to the formation 

of the largest number of nonconformities. The main result will be the indication of the most frequent causes of 

nonconformities of the steel bars and their analysis, which should reduce the amount of nonconforming 

products produced in the research object. The results can be used both by the research rolling mill and other 

rolling mills producing similar products. However, the research methodology can be an indication for other 

companies how to analyze the causes of nonconformities. 

Keywords: Quality, Pareto chart, Ishikawa diagram, steel bars 

1. INTRODUCTION 

Steel round bars have been used for construction of various structures. It is important that the requirements 

imposed on the bars should be met since their quality will affect the quality and strength of final steel structures. 

Therefore, it is important to conduct analyses which may help improve the quality of the bars [1]. 

Quality management tools are the instruments which allow for collecting and processing the data about events 

and processes that occur in the organization and its environment, connected with various aspects of quality 

management. The most important group of tools is Seven Basic Tools of Quality, known as Magnificent Seven 

or 7 QC Tools. They are called basic because they are suitable for people with little formal training in statistics 

and because they can be used to solve the vast majority of quality-related issues. They allow for a simple 

analysis of the quality of selected products. They also allow for visualization of data, and monitoring and 

diagnosis of processes. They can allow for evaluation of the effectiveness of the actions [2].  

The aim of the paper was to analyze the quality of steel bars produced by one of the steelworks in Poland. 

The analysis concerned the defects documented in the period from September to December 2017. The 

analysis used selected Pareto charts and Ishikawa diagrams. The Ishikawa diagram will help indicate what 

are the causes of defects in bars using the 5M principles. Furthermore, the Pareto chart should help indicate 
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the causes of the highest number of defective products. These are the defects that should be eliminated in 

order to substantially reduce the amount of inconsistent products. 

2. METHODOLOGY 

The Pareto chart is a tool used for hierarchization of the factors which have an effect on a specific 

phenomenon. It helps obtain a graphical representation of the relative and absolute distribution of problems 

(defects) in the process and their causes. The main goal of the diagram is to identify the disturbances with the 

most significant effect on the analyzed problem, defined according to the 20/80 principle. The principle 

concerns the tendencies of events occurring in such areas as nature, technology, science or human activity. 

According to the principle, 20 to 30 % of causes of a specific phenomenon lead to 70 to 80 % of effects. 

Therefore, it is worth focusing attention and activities concerning facilitations and improvement on the most 

important part of the analysis of the causes of the problem in order to achieve greater effects at lower workload. 

The diagram allows for identification of the activities that are aimed at improvement in the level of processes 

and quality characteristics of physical products and services. The Pareto chart belongs to techniques which 

lead to identification of the most important characteristics (events, causes) with the most important effect on 

quality and, consequently, helping define the activities aimed at improving the level of process quality or certain 

quality characteristics of physical products and services [3-4]. 

In order to create the chart, it is necessary to start from the list of the causes of the problem. Next, for specific 

causes, the data for the specific time period are collected. The listed causes are arranged in the decreasing 

order and then moved on the chart in the form of a histogram. The bars which were formed are connected at 

the top with the linear chart which presents cumulative values for consecutive problems/causes [5]. 

As many Japanese researchers, Kaoru Ishikawa familiarized with American methods to control quality and 

started to improve them. The Ishikawa diagram helps arrange the causes of defects and interrelations of the 

causes using the most basic graphical form i.e. chart. Ishikawa diagrams are also called cause-and-effect 

diagrams or fishbone diagrams since their shape is similar to that of a fishbone. The diagrams can be used to 

examine problems with different cross-sections and different level of detail. They have been used to solve 

quality problems where chain of causation occurs. The problems analyzed in this method should be discussed 

in a bigger group of people who are familiar with the specific problem. These charts will be more valuable if 

more knowledge and experience of other people are collected (production workers, control and quality units, 

with particular focus on quality control offices, designers, technologists, organizers, sales department 

employees and even users). These people should be willing to be involved in the inquisitive discussion without 

hiding the root problems [3,6]. 

The cause-and-effect diagram, called fishbone diagram, allows for classification of defects and relationships 

between each other in the organization. A specific problem is presented graphically and analyzed. The tool is 

especially useful for teamwork as a supplementation ad visualization of the ideas generated during 

brainstorming. The main task and objective of using this tool of improvement of quality in the organization is 

to help identify the cause of the problem [5, 7]. 

The characteristic features of the Ishikawa diagram include: 

• Easy visualization and description. 

• Opportunity to segregate in terms of the importance of causes. 

• Transparent transfer of information. 

• Opportunity to demonstrate the relationships between the problem and the phenomenon. 

• Oriented at solving the problem. 

It is important that the diagram prepared for the specific defect is periodically supplemented or changed in 

order to maintain its topicality and transparency. It should be remembered that if solved, the problem or defect 
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should be crossed out from the diagram in order to emphasized that it has been removed. The method is used 

in several modifications which depend on the skills and experience of the task team. The cause-and-effect 

diagram can be presented with the following modifications [8]: 

• 5M (Man, Material, Machine, Method, Management). 

• 5M + 1E (+ Envionment = Mother nature). 

• 7M (+ Measurement). 

• 8M (+ Money). 

Firstly, the quality analysis was performed for steel round bars by means of the Ishikawa diagram. The diagram 

also allowed for indication of individual defects in the bars and grouping them according to the 5M principle. 

Next, the analysis of frequency of the defects used the Pareto-Lorentz diagram. The examinations were 

performed in the period from September to December 2017. The analysis indicated the defects which were 

the most frequent in the period studied. 

The steelworks X is one of the biggest suppliers and steel importers in the European market, active in each 

link of the steel supply chain. The enterprise has the plants which process scrap metals, steelworks, production 

plants and warehouses all over the world. The Bar Rolling Plant, opened in September 1999 by an Italian 

company, is the most modern production plant of this kind in the Central Europe. The investment allowed for 

offering high-quality products that correspond to European standards. 

From steel, commercial activity, financing trade, distribution through to warehousing, the steelworks processes 

over million tons of steel products a year. With branches in 12 countries and additionally partnership 

commercial offices all over the world, the company has long-term commercial contacts with world producers, 

professional knowledge and resources that allow for supplies of any types of steel products in order to meet 

customers’ needs in all places of the world. 

3. RESULTS 

Figure 1 presents the Ishikawa diagram which captures the potential defects of steel round bars produced in 

the enterprise studied.  

In the case of material, the major problems include: the lack of control of material control, improperly chosen 

chemical composition of the material and poor quality of materials, which caused coarse-grained steel, non-

metallic inclusions, microshrinkage and internal cracks 

In the case of methods, the following problems were identified: improperly adjusted furnace parameters; 

improperly set machine operating parameters during rolling; improperly adjusted calibration system; poor 

transport; improper proportions of components; improper storage and, consequently excessive thickness of 

decarburized layer, oval and non-homogeneous structure over the cross-section. 

In the case of men, the major causes are: non-observance of the workstation manuals: no awareness; hurry 

and low level of motivation. For two first causes, root-causes were also documented. 

Analysis of Figure 1 reveals that the most steel defects of steel round bars were caused by material, methods 

and human mistakes. 

Next, the analysis of the defects was performed using the Pareto-Lorenz diagram. The examination was 

performed for the period from September to December 2017. The examinations identified only these defects 

which were recorded in a specific period. Comparison of the defects, frequency of their occurrence (in 
percentages) and helpful computations were presented in Table 1, whereas the results of the analysis were 

presented in Figure 2. 
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Figure 1 Ishikawa diagram for steel round bars [own study] 
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Table 1 Causes of defects in steel round bars [own study] 

Symbol Causes of defects Percentage Cumulative percentage 

N1 Hot tears  31.65 31.65 

N2 Teeming lap 12.95 44.60 

N3 Coarse-grained steel 10.07 54.68 

N4 Non-metallic inclusions 10.07 64.75 

N5 Microshrinkage 8.63 73.38 

N6 Lapping 5.76 79.14 

N7 Internal cracking 5.04 84.17 

N8 Excessive thickness of decarburized layer 5.04 89.21 

N9 Scales 4.32 93.53 

N10 Oval 3.60 97.12 

N11 Non-homogeneous structure over the entire cross-section 2.88 100.00 

 
Figure 2 Pareto chart for steel round bars [own study] 

Analysis of the Figure 2 reveals that in the case of the quality of the rods examined, the principle 20/80 was 

not maintained. It was documented that over 35 % of causes is responsible for nearly 65 % defective products. 

The most frequent cause was hot tears (N1) They were responsible for nearly 32 % of defective products. 

Other causes which had an effect on the results included teeming lap (N2), coarse-grained steel (N3) and non-

metallic inclusions (N4). 

Hot tears and teeming lap are mechanical damages. Teeming lap occur mainly due to problems with the rolling 

method, mainly by furnace parameters. In the case of hot tears, these are material defects. However, in both 

cases, analysis of the rolling process and analysis of composition of the materials used for production of the 

steel bars are necessary to reduce the effect of the causes. 
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Coarse-grained steel and non-metallic inclusions are defects related to the material used for rolling i.e. 

improper composition of the alloy. In order to reduce the number of defective products in this group, it is 

necessary to the analysis of proportion and amount of alloy components. 

4. CONCLUSION 

This paper presents the quality analysis of steel round bars produced by one of the steelworks in Poland. The 

examinations were conducted in the period from September to December 2017. The analysis used two popular 

tools of quality management i.e. Ishikawa diagram and Pareto chart. 

The Ishikawa diagram indicated the most of the defects in the bars, grouped according to the 5M principles. 

The most of the defects were found for the group of material, method and man. 

The Pareto chart showed that the most frequent defects were hot tears, teeming lap, coarse-grained steel and 

non-metallic inclusions. Analysis of the rolling process (teeming lap) and a more accurate analysis of the alloys 

used for production of the bars studied was proposed in order to improve quality of the rods and, consequently, 

limit the effect of the indicated defects. 
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Abstract 

The article deals with quality power grids in metallurgical industry. Nowadays the power grids are loaded by 

non-linear loads which cause distortion of voltage and current track. Thanks to this distortion the power grids 

are overloaded and its efficiency decrease. The expensive adjustments of power grids are necessary. This 

adjustments increase claims on investments and maintenance. In the article is described developed analytic 

system that is able detect and measure this distortion. Based on measured values the power grid in the factory 

can be analyzed and the improvement can be proposed.  

Keywords: Metallurgy, power grid, microprocessor, Fourier transform 

1. INTRODUCTION 

Metallurgical factories have problems with their power grids nowadays. Bad quality and nonlinearity of power 

grids cause big problems for whole cities around metallurgical factories. Problems in power grids can cause 

shorter life time of devices, equipment and electrical machines. Sometimes it can destroy the devices. In first 

phase is necessary exactly measure and identify problems in power grids for providing backgrounds for 

elimination of sources of these problems. 

2. PROBLEM ANALYSIS 

There is voltage sinusoidal shape with frequency 50Hz in power grid. Ideally there is only this fundamental 

frequency. Thanks to nonlinear load like switching power supplies the disturbation appear. These disturbances 

are caused by higher frequencies. This frequencies are multiple of fundamental 50Hz (e.g. 100Hz, 150Hz,…) 

and they are called harmonics. Harmonics are added to fundamental. Ideal sinusoid with frequency 50Hz 
which should be in power grid is shown in Figure 1. Measured real sinusoid with disturbances which is in 

power grid is shown in Figure 2. [1,2] 

 

Figure 1 Ideal sinusoid 
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Figure 2 Measured distorted sinusoid 

Computing of higher harmonics is defined in theory of Fourier transform. Every harmonic function is the sum 

of sinuses and cosines with different frequencies and amplitudes. The Fourier transform deal with count 

of these harmonics and their amplitude. Result of Fourier transform is spectrum of signal. There are individual 

frequencies on the horizontal axe and amplitudes of these harmonics are on the vertical axe. Fourier transform 

converts signal from time domain to frequency domain.   

Total harmonic distortion shortly THD gives ratio of energies from harmonics and energy from fundamental 

frequency 50Hz. THD is based on decomposition periodic signal on individual harmonics by Fourier transform. 

THD is mostly defined as share of individual energies as in equation (1). [3,4] 

pqr �  ∑ s77\s]
∗ ]@@ (1) 

where: 

Pn - electric power of higher frequencies (W) 

P1 - electric power of fundamental 50Hz (W) 

n - count of harmonic frequencies 

Harmonic distortion of voltage and current is computed by equations (2) and (3). 

0YÄ �  �∑ t����
tç

∗ 100 (2) 

where: 

Un - voltage of harmonic (V) 

U1 - voltage of fundamental 50Hz(V) 

0YÄ �  �∑ u����
uç ∗ 100 (3) 

where: 

In - current of harmonic (A) 

I1 - current of fundamental 50Hz(A) 
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Power grid quality not only by THD is defined in standart EN 50160. Distorted voltage or current causes very 

big problems in power grids for several reasons. THD increase temperature of transformers and they have to 

be over-dimensioned for security reasons. Ability to transfer distorted current of transformers is called K factor. 

If the transformer is not designed to transfer distorted current it burns. Conductors are overloaded by distorted 

current so they have to be over-dimensioned too. If the THD is too high it can cause damage or even 

destruction of electrical appliances. In case of 3 phase power grid the 3rd multiples are added on neutral 

conductor and high frequency current flow by this neutral conductor. This phenomenon is called triplen 

harmonics and it appear because 3rd multiples are in phase. The other multiples have phase shift between 

themselves. If THD appear in power grid it is necessary dimension grid on harmonics components. Sum of 
transferred power is vector computed by Figure 3. [3,4] 

 
Figure 3 Vector sum of powers 

3. SOLUTION 

THD measuring is very difficult or even impossible by ordinary measuring tools. Tools for this type measuring 

have to be very fast and very precise. It causes their very high prices. In this paper was developed measuring 
system based on 32 bit microprocessor from manufacturer ST Microelectronics. This microprocessor is cheap 

and efficient for computations discrete Fourier transform and its algorithm. Internal analog - digital converter is 

able measure waveform in power grid after its adjustment. The microprocessor is able compute and compare 

individual harmonic components from shape of the waveform by algorithm of discrete Fourier transform. It is 

possible rate the degree of distortion and quality of power grid in metallurgical factory.  

Electrical circuit for signal adjustment is shown in Figure 4.  

 
Figure 4 Circuit for signal adjustment 

First it is necessary adjust amplitude of sinusoid 230VAC on the measurable size therefore amplitude have to 

be smaller than reference voltage of AD converter so 3.3V. This is ensured by small transformer which ensures 

galvanic isolation from power grid too for security reasons.  
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First part in Figure 4 make DC offset. Microprocessor cannot measure negative voltage, so if the circuit make 

offset the whole sinusoid is in positive values. This input amplifier has gain 1 so it don’t adjust size of amplitude. 

Reference voltage for DC offset is created by internal DA converter in microprocessor. It is possible change 

the offset by software if it is necessary.  

Output of input amplifier is connected to the input of filter which suppresses fundamental frequency 50Hz. 

Possibility of bigger gain of harmonic components which are most important for measuring is ensure by 

suppressing of fundamental 50Hz. 

Signal from this filter is connected to voltage follower. Follower ensure the filter is not influenced or loaded 

which can change the filter parameters.  

The last part of circuit is amplifier with gain 3. Gain higher frequencies which disturb the fundamental 50Hz is 

ensured by this circuit. The operational amplifiers which are used for this circuit are integrated in 

microprocessor so this solution minimalize amount of external components.  

Sampling frequency of AD converter is set on 25kHz. This frequency is the lowest possible for right measuring 

as it was tested. For sampling one wave of sinusoid with frequency 50Hz with THD is necessary save 1500 

samples. Ratio of individual harmonic components is computed by discrete Fourier transform from saved 

sampled wave. It is necessary use faster microprocessor for bigger sampling frequency and more samples 

because of computing time. However the manufacturer of this microprocessor provides faster microprocessors 

so it is no problem migrate the source code on it.  

Computed result of discrete Fourier transform by described system is shown in Figure 5. Every column is 

represented by amplitude of specific harmonic component. [5-9] 

 

Figure 5 Computed result of measured power grid 

4. CONCLUSION 

In this paper was described system for measuring of disturbances in power grid in metallurgical factory. System 

is based on microprocessor which is able measure higher frequencies in power grid. System compute ratio of 

individual harmonic components which cause disturbances in power grid from measured waveforms. This 

system was developed on demand from unnamed metallurgical factory near Katowice where first measuring 

was done. Measuring system is able precisely measure disturbances in power grid and compute frequency of 

these disturbances. Next step is identification and elimination source of these disturbances. 
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Abstract  

The paper presents the main findings indicating relevant technologies for the development of the sector of 

production and material processing in Śląskie Region, Poland. The findings are results of analysis carried out 

by the observatory of material technologies operating within the framework of a network of specialist regional 

observatories in the region. According to the adopted assumptions, the analyses included technologies used 

in the region for the production and processing of: metallic materials, ceramics and plastic materials. The 

findings are crucial for rationalising the public support from the Regional Operational Programme (ROP) for 

the companies. According to European policy the entities receiving support should implement regional smart 

specialisation. In Śląskie region smart specialisations are complemented by technology areas indicated in 

technology development program for the years 2010-2020. The technologies in the area of production and 

material processing were analysed using two criteria: interconnections between technologies used in the 

region and the opportunity to create new products of the region.    

Keywords: Technology assessment, regional development, material processing, metal manufacturing, smart  

        specialisations 

1. INTRODUCTION 

Almost every region has the ambition of development disruptive innovation, according to Christiansen 

associated with new technologies that cause a shift in the technological paradigm and business routines; they 

create new products that eventually lead to the demise of existing products [1]. Disruptive innovation impacts 

the productivity of national economies [2], however the existing production and business potential of many 

european regions, including Śląskie, is based on traditional, commonly used technologies, which continuation 

does not lead to this kind of disruptive shift. The role of regional smart specialization strategy, according to EU 

strategic documents [3] is to foster the existing potential with knowledge created in regional scientific 

institutions [4]. The model of such cooperation may include a way of creating and using intellectual property 

[5]. Foray et al. proposed an approach of 6 steps and 18 sections for developing research and innovation 

strategies for smart specialisation [6]. Assuming that the process has to be rational and with the participation 

of important regional stakeholders, in the paper the method of description the potential of the production and 

material processing in Śląskie region is presented. The main goal of such analysis is rationalization of regional 

innovation policy - the main findings indicating relevant technologies are used for the diagnosis in the regional 

Technology Development Program (TDP). The main goal of the paper is to show that production and 

processing area has very high potential for the pretechnological development of the Śląskie region. In the 

paper some evidence confirming this thesis were presented. In this aspect it fits in general and wide discussion 

corresponding to the question what evidence indicates a high potential of technological area (group of 

technologies). 
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2. TECHNOLOGY POTENTIAL - LITERATURE REVIEW 

Technology is a part of the knowledge which is used in practice. Burgelman et al. propose a broad 

understanding of technology, stressing that some elements of the technology are in the minds of the 

employees but the key components are related to norms, standards and intellectual property [7].   

In order to rationalize regional innovation policy towards technologies regional institutions, under the auspices 

of regional authorities created a regional specialist observatories. Presently there are 6 active observatories 

in the following technology areas: information and communication technologies, nanotechnologies, medical 

technologies, material production and processing, environmental technologies, power engineering 

technologies. Target vision is to create a network of 8 observatories, including two technology areas: 

machinery and transport. The observatories act as a consortium of institutions which specializations are 

consistent with the certain technology area. For example, observatory in the area of production and processing 

of materials was created by Silesian University of Technology, Organization and Management Faculty and 

Institute of Non-Ferrous Metals.  

The main goal of observatory is to provide the knowledge for rationalizing regional policy on the current state 

of the technological area (production and processing of materials) using the information form industry and 

science. The concept of the observatories was based on the technological observatories established in the 

area of Key Enabling Technologies (KET), according to definition “Observatory aims to provide EU, national 

and regional policymakers with information on the deployment of KETs both within the EU-28 and in 

comparison to other world regions (East Asia and North America)” [8]. 

The technology observatory plays important role in the strategic process determining and developing regional 

smart specializations. The policy of smart specialisations raise political, social and scientific disputes 

concerning the level of public support concentration, impact on the level of regional product and unemployment 

rate. Term "smart specialization" is a concept and tool within the scope of innovation policy used to specify 

and create current and future position of a region or country in the knowledge-based economy. [9] Benefits 

resulting from smart specialisations should be noticeable first and foremost in the growth of companies’ 

innovativeness and improvement of public services. In Śląskie region the following smart specializations have 

been determined [10]: 

• Energy - in the areas of advanced materials in energy distribution, advanced manufacturing systems 

(energy distribution, power generation/renewable sources of energy). 

• Medicine - in the areas of ageing societies (residential care activities); public health and well-being (basic 
pharmaceutical products & pharmaceutical preparations, biotechnology and human health activities, 

e.g. medical services; public health & security (services - scientific research & development). 

• ICT - in the areas of cleaner environment & efficient energy networks (e.g. smart grids), power 

generation/renewable sources), industrial biotechnology, advanced manufacturing systems, public 

health & well-being, micro and nano-electronics, computer programming, consultancy & related 

activities. 

In March 2017 regional smart specialization have been updated by adding two areas [11]: 

• green economy - resource management; renewable energy sources; energy and material efficiency; 

clean technologies of production; protection of biodiversity; corporate social responsibility; sustainable 

consumption and production patterns, 

• emerging industries - eco-industries, maritime industries, creative industries, mobility, mobile services, 

personalised medicine. 

The scope of the analysis in the material production and processing observatory was defined by the kind 

activity of the entities using the technology. The activities were specified by the following NACE codes:  
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• Division C22 Manufacture of rubber and plastic products, 

• Division C23 Manufacture of other non-metallic mineral products, 

• Division C24 Manufacture of basic metals, 

• Division C25 Manufacture of fabricated metal products except machinery and equipment. 

3. IDENTYFYING REGIONAL TECHNOLOGY POTENTIAL 

3.1. Methodology  

The approach to identifying regional technology potential was based on the analysis different kind of 

information. The following methods have been used to collecting the information for identifying technology 

potential: 

• opinions and reports provided by scientist representing material processing science,  

• analysis of statistical data on the regional level in comparisons with the national data,  

• direct interview with representatives of 36 companies representing material production and processing 

sector.  

Identification of regional technology potential was carried out as a part of an update of Technology 

Development Programme (TDP) for Śląskie Voivodeship. The first version of TDP for the years 2010-2020 

was adopted in 2011 by regional authorities, and from this time required adaptation to significant changes in 

the environment. 

3.2. Findings - regional technology potential in Śląskie 

One of the most important elements of the technology potential is the potential of regional companies 

representing the material manufacturing sector and the related sectors. This aspect represents the potential 

users of the technology - the companies implementing or developing adequate technologies. In Śląskie 

voivodeship we can identify high values of indicators in the following sectors: 

• metal production (54 % of domestic production in 2016), 

• automotive production (41 % of domestic production), 

• production of metal products (24 % of domestic production), 

• production of the rubber and plastics products (15 % of domestic production). 

In the region dominates industry as it is the second top Polish voivodeship of sold production of industry which 

is 18.2 % of total number for Poland [12]. All above sectors are directly connected with the material and 
manufacturing and processing defined by NACE codes. In the Table 1 we can see the basic economic 

indicators characterizing the material manufacturing sector in the region. The sector gets very high contribution 

to the regional domestic products (for the divisions 24 and 25 it is almost PLN 40 billions) and employs large 

number of employees. According to the Polish Information and Foreign Investors Agency the sectors with huge 

potential in the region are automotive (as numerous renown enterprises and developed network of suppliers 

of this industry are present in the region: FIAT (largest factory in Europe), General Motors Manufacturing, Isuzu 

Motors, Delphi Automotive Systems, Tenneco Automotive, etc.), business process outsourcing and IT [13]. 

The Śląskie region is also ranked second as the Polish region where innovation investments are directed to 
manufacturing. In the Table 2 the value of internal R&D expenditures in the material sector are presented. The 

highest value can be observed in rubber and plastic sector - it is not relevant to the revenues of the sector 
(compare with the data in Table 1). As we can observe not in all sectors represented by NACE divisions the 

value of the expenditures raised in the period 2015-2016.  
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Table 1 Basic measures characterizing the business potential of Śląskie in the area of production and  

 processing materials. Source: a [14] - data for the year 2015, b [15] 

Divisions of NACE Number of 
enterprises 

Number of 
employees 

Sales revenues 
(product and 

services) (PLN 
thousands) 

Sales revenues 
(materials) (PLN 

thousands) 

Division 24 and 25 5,121 (a) 
513 (b) 

70,697 (a) 39,672,818 2,910,004 

24 - Manufacture of basic metals 340 (a) 
84 (b) 

22,613 (a) 23,770,608 1,108,582 

25 - Manufacture of fabricated metal 
products except machinery and 

equipment 

4,781 (a) 
429 (b) 

48,084 (a) 15,902,210 1,801,422 

22- Manufacture of rubber and 
plastic products 

1,287 (a) 
217 (b) 

27,762 9,972,384 992,645 

23 - Manufacture of other non-
metallic mineral products 

1,070 (a) 
89 (b) 

15,646 7,359,410 858,273 

Table 2 Internal R&D expenditures in the enterprises of the Śląskie region. [15] 

NACE 
Division 

Description Internal R&D expenditures of entreprises 
(PLN thousands) 

2015 2016 

23 Manufacture of other non-metallic mineral products 2,508.2 11,102.3 

24 Manufacture of basic metals 8,743.9 4,588.8 

25 
Manufacture of fabricated metal products except 
machinery and equipment 

31,101.7 27,668.2 

22 Manufacture of rubber and plastic products n.d. 48,604.4 

Table 3 Percent of enterprises implementing product and process innovation in analysed sectors in Śląskie. 

[15] 

NACE 
division 

Description Percent of enterprises 
implementing product 

innovations in the years 2013-
2015 (%) 

Percent of enterprises 
implementing process 

innovations in the years 
2013-2015 (%) 

POLAND ŚLĄSKIE POLAND ŚLĄSKIE 

1 2 3 4 

22 Manufacture of rubber and plastic 
products 

16,3 22,2 15,4 16,8 

23 Manufacture of other non-metallic 
mineral products 

14,6 19,5 13,7 9,8 

24 Manufacture of basic metals 16,8 22,2 22,7 28,2 

25 Manufacture of fabricated metal 
products except machinery and 

equipment 

9,1 9,7 12,7 9,5 

In the Table 3 the characteristics of enterprises implementing product and process innovation were presented. 

Plastic and rubber sector as well as basic metals sector are the most innovative sectors in this set in the area 

of product innovations. These sectors are also relatively more innovative in comparisons with the companies 
in whole country. The process innovations are mainly revealed in implementing or improving technologies. The 
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most innovative in this set is basic metals sector where 28,2 % of companies implementing process 

innovations. 

Technology potential of the regional businesses is fostered by the following supporting and intermediary 

institutions in Śląskie: 6 technology parks, 11 business incubators, 6 technology transfer offices and innovation 

centers, 20 Chambers of commerce, 9 Loan Funds and Guarantee Funds and 35 Training and Consulting 

Centers. 

Large number of this institutions supports companies representing material processing sector. There are also 

35 clusters in Śląskie voivodeship and specializations of two following clusters are consistent with the material 

processing sector: 

• Polish Aluminum Cluster (of 58 members) - obtained a status of National Key Cluster, 

• Cluster of Mining Machines in Gliwice. 

4. CONCLUSIONS 

As we can observe the technology area of material production and processing has a very high potential for the 

future development. The detailed conclusions can be formulated as follows: 

1) Used technologies in regional sectors of material production and processing are widespread and well 

known in the world, there is no typical endogenous technologies - discovered and implemented in the 

region nor identified disruptive innovation. 

2) While there is very low probability for disruptive innovation implementation we can identify big 

opportunities of implementing technology (process) innovations in the area of energy and cost reduction, 

environmentally friendly issues, circular economy. 

3) In the findings we can observe increasing science-industry cooperation: number of joint R&D projects, 
large number of industry-science constant cooperation. 

4) The respondents declared an expected growth of R&D expenditures in the sector of material production 

and processing. For business this declaration means that increasing or stable revenues from the primary 

markets are expected. 

5) We have to be aware that low number of the companies participating in the analysis is the limitation of 

the research. However, the respondents did not indicate that other, more advanced technologies are 

used by regional competitors.  
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Abstract 

Current situation on the Czech labor market complicates management of employee performance from many 

reasons. First of all, it is the absolute lack of qualified work power, secondly inefficient relations between 

appraisal and remuneration systems and last but not least too complicated employee appraisal systems.  

The paper presents outputs of more than five-year authors’ own surveys among metallurgical companies 

located in the Czech Republic, supplemented by outputs of surveys published by renowned HR professionals 

and counselling companies. Aim of the paper is to highlight the most common weaknesses of HR performance 

management approaches in the Czech metallurgical companies to help them to focus on the weaknesses and 

threats, to reduce or eliminate them and obtain higher labor productivity 

Keywords: Performance management, unemployment, recruitment 

1. INTRODUCTION 

Each company needs to obtain and keep up employees corresponding by their qualification and experience 

to the requirements for particular job positions. In order to determine how existing employees fulfill this 

presumption, companies need planning, tracking and appraisal of their employee performance and their 

employee efficiency.  

The Czech economy and the Czech companies have been witnessing great boom for the last few years. For 

the companies it is connected with the increase of production capacities and the need of more employees to 

work on it. Moreover, the technological progress in the field of transport, communication, and information [1] 

enable higher mobility of people around the country and out of it while searching better job offers. Low 

unemployment in the Czech market is favorable for already a series of months for employees because they 

can choose between companies, and those compete in financial and non-financial tools to become a more 

attractive employer than competitors. Nevertheless, it logically means a problem for an employer while 

searching new and keeping existing employees. Especially manufacturing companies are obliged to search 

for new solutions, because a selected segment of the market which they aimed at is practically withdrawn for 

them and they, thus, have to search for new ones. As far as they manage to find out employees for the 

production, they need to pay higher attention, time and costs for their necessary training. Metallurgical 

companies have even a more complicated situation due to a lack of candidates and graduates determined for 

this industry. These are, for example, essential job positions of founders and wood pattern makers. 

The paper is focused on the definition of the most frequent obstacles of effective employee performance 

management in iron-foundries which resulted, among others, from verification of authors' scientific hypotheses 

within the survey among metallurgical companies. 
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2. THEORETICAL ASPECTS OF EMPLOYEE PERFORMANCE MANAGEMENT 

As is clear from the definition in the introduction, it is more complicated for managers to govern performance 

of employees who do not comply with the requirements for free job positions. This chapter determines what is 

hidden behind the term of employee performance and which factors influence it. 

Employee performance can be defined as a result of an employee activity within a certain time under certain 

conditions [2]. Performance itself, it means achievement of a certain level of fulfillment of the submitted task, 

is influenced by many factors, mainly by a style of management of the managerial staff or by work conditions 

such as temperature, noise or work-light. Employee performance has three components: efforts, abilities and 

work & organizational conditions created by the company. [3] What is absolutely fundamental for handling with 

employee performance is the understanding that the basis of a work effort is motivation of employees [4]. 

Performance management involves aligning HRM practices so that employee performance and development 

are enhanced, with the aim of maximizing organizational performance, however, such an integration of 

practices is not easy [5]. HR Performance Management means clear determination of his/her tasks, aims and 

creation of conditions in which the work tasks have to be fulfilled according to expectations of the superior 

employee. Successfulness of HR Performance Management mainly depends on whether managers react to 

performing inadequacies of their inferiors after their origination, or endeavor to prevent from them. An approach 

based on the prevention from mistakes is more effective in the absolute majority of cases. And it is not just by 

a reason of the improvement of the total results of work, but also because managers, by this, can eliminate 

accusing the work inadequacies of the evaluated employees, which is a benefit both for the superior and, sure, 

for the employees themselves. [6] 

HR Performance Management as a comprehensive and continual process contains a lot of elements such as 

remuneration, appraisal, education, coaching, team work, motivation and others [3]. The aim of HR Performance 

Management is to reach better results with help of a combination of knowledge, experience and skills, i.e. with 

help of a maximally qualified team of specialists.  

A presumption of successful HR Performance Management is previously defined and agreed frame of planned 

aims. All employees must be aware of what has to be achieved and in what time horizon [7]. In this aspect, it is 

a matter of especially line managers. [9] 

Most of modern definitions deviate in a definition of HR Performance Management procedures from clearly 

evaluating, rather directive methods to motivating management of employees based on a bilateral agreement 

(contract) between labor and management. A presumption of this principle is an emphasis to systematic and 

flexible planning of employee's education and development and mainly to the connection of company and 

individual aims. The substance is a share of employees in managing and fulfillment of company aims, i.e. an 

analogy of the management pillars according to aims. It is necessary to maintain their ignorance, involvement, 

own responsibility, improvement of relationships and general motivation. HR Performance Management is, 

thus, based on these tools - agreement, couching, support, positive motivation, dialogue, measurement, 

appraisal and feedback. [7] 

Effective performance management goes from the following basic principles [2]: 

• It is a matter of line managers, it means it is pushed forward by them and not by a HR department. 

• HR Performance Management has to be customized for each particular company. 

• It is not a matter of only certain group of employees. 

A process of performance management should include not only its planning, realization and appraisal, but also 

solution of inadequacies or a space for the improvement of employee performance, just remuneration, relations 

to education activities, and last but not least, actually immediately at the beginning, should be based just on 

effective occupation of job positions. 
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3. THE DEFINITION OF PROBLEMS IN PERFORMANCE MANAGEMENT IN METALLURGICAL 
COMPANIES 

For purpose of scientific verification of weaknesses in the performance management process of employees of 

metallurgical companies, which were discovered by the authors during years of cooperation with these 

companies in the sphere of human resources, the below mentioned scientific theses were defined at the 

beginning of the survey: 

1) Metallurgical companies suffer from the lack of qualified labor forces. 

Truthfulness of this thesis is decisive for routing of the human resources activities in all industrial 

spheres. At a time when there is a lack of qualified labor force in the market, managers must pay far 

more attention to an approach for obtaining new but also keeping the existing employees so that they 

were not acquired or enticed away by other employer who does not underestimate human resources 

and their motivation. 

2) The existing systems of appraisal of employees fail and doesn't fulfill its function.  

Truthfulness of this thesis is fundamental for discovering of how managers use and manage a basic tool 

of management of employee performance. Provided this thesis is confirmed, it will be clear that the 

proposed model of management of employee performance should properly react by its contents. 

3) Motivation is a basic tool for performance management process. 

Motivation is a generally respected basic tool of managers for the improvement of employee 

performance of their inferiors. This fact is confirmed by both extremely extensive theories from the 

sphere of motivation and hundreds of case studies from the practice. It is not suitable to mention just 

some of them and omit tens of others which confirm this thesis. The author of the paper in this part will 

present only results of her own survey from the practice of metallurgical companies, the aim of which 

was not to confirm preferably this fundamental role of motivation in the sphere of performance 

management however she reached to it together with her co-authors. 

All of these were gradually verified in the period from 2013 to 2017 within own surveys (and papers published 

on the basis of these surveys) and other professional opinions published in Internet. Another significant source 

was an analysis of tens of seminary, bachelor or diploma theses led and evaluated by authors of the paper 

within the pedagogic activity in university. With regards to the range of used information sources and outputs 

of own surveys, only a short summary of the meaning of verification of this thesis for performance management 

is specified for each thesis. 

Thanks to the analysis of the above-mentioned information sources, all of theses were strongly confirmed and 

discovered basic weaknesses of the performance management process in metallurgical companies. 

4. PROPOSALS OF RESOLVING THE OBSTACLES IN PERFORMANCE MANAGEMENT IN 
METALLURGICAL COMPANIES 

The first realized problem within a performance management process, which was confirmed in the hypothesis, 

is a lack of qualified labor force. Metallurgical and other companies are wrestling with this obstacle for a longer 

time. An immediate solution are own, internal educational activities. Nevertheless, as far as there is no a 

sufficient number of candidates for them in Czech Republic, then a solution can be, similarly as in other, 

physically more demanded blue-collar professions which are not sufficiently attractive for Czech young people, 

to recruit employees from abroad. In the border area with Poland, Polish workers, who live in relatively short 

distance to drive in and can well communicate in Czech Republic, offer themselves, but companies situated 

far from the borders also recruit employees from Ukraine and Bulgaria, the working mobility of which is 

supported by the Czech and their governments.  
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With regards to the above-mentioned strengthening role of internal educational activities in training own 

qualified employees in the industry, roles of managerial staff and their managerial tools such as couching and 

mentoring must be systematically strengthened. The authors in this direction recommend inspiration, for 

example, by an approach of the situation guiding of authors Hersey and Blanchard. This approach is based 

on the determination of four levels of working and psychological maturity of the inferiors, depending on how 

much experience they have and how they are independent. Depending on it, i.e. depending on a particular 

situation, a superior selects a recommended style of managing from directive to delegating one. This approach 

will contribute both to the achievement of maximum work performance (with regards to employee's 

independence) and its other development and strengthening of independence. At the same time the output of 

this employee's engaging should be lined-up to a motivation action in a form of an amount of the fixed wage 

so that the employee was motivated to participate in his/her next development. 

Another, fundamental weakness of the effective process of performance management is malfunctioning of set 

systems of appraisal. A basic obstacle of their effectiveness for ordinary employees is aversion up to objection 

of all participated parties to regular appraisal of employee performance. It is, most often, a result of the following 

factors or their combination: 

• existence of complicated criteria of job appraisal, 

• improperly set, universally superficial motivating actions (including financial), 

• non-motivating, immeasurable or even non-existing relations of the outputs of appraisal to employees' 
remuneration and development.  

The authors advice that all employees have to be maximally connected to their plans of employee performance 

for the next period, the set aims should be bilaterally clarified and described, and - first of all - a feedback in 

evaluating their employee performance should be always required from them. In the appraisal itself, it is 

necessary, mainly for blue-collar professions, utmost simplify criteria of appraisal, ideally exclude from them 

foreign terms and also set clear and preferably simple relations of the outputs of appraisal to remuneration so 

that the process of appraisal represented a motivating activity for the employees.  

Another weakness, which resulted from the survey among companies, was that most of them pay just minimum 

or no attention to the phase of improvement of the employee performance which is, however, a necessity for 

the increase of labor productivity in a company. Especially in this part of performance management, 

cooperation of the evaluating and evaluated persons is inevitable because these parties have usually an 

opposite opinion for the difference in the plan of employee performance and really done performance. 

The last problematic and in-hypothesis-verified sphere is inclusion and connection of motivating actions to the 

outputs of appraisal. It is really surprising that at the present up to a fourth part of the companies does not link 

remuneration to the systematic appraisal of work performance, and if performs increasing wages, it does it, for 

example, universally or on the basis of subjective proposals of persons who cannot have a perfect review 

about performance of the remunerated employees. As was mentioned earlier, a clear and intelligible 

remuneration is a base for making better performance. Workers, however, were not able in most of cases 

calculate, how much their wage will be increased or decreased in case of changing their performance and 

didn't understand their composition. A solution is here a bilaterally agreed and understood setting of 

remunerations in case of reaching or non-reaching or exceeding the planed employee performance. The 

authors recommend creation and clear delimitation of the flexible component of the wage already in the plan 

of work performance and especially its absolute observance at the end of the appraisal period.  

At the present, modern companies like more and more detailed segmentation of the motivated activities to a 

row of sub-spheres and sectors within the sphere of human resources management (for example, company's 

culture, care of employees, work conditions, employee benefits, etc.) so that the employees shown how much 

the employment is important for them. By this approach, they try to allure new employees and keep the existing 

ones. The authors emphasize a need of simple but comprehensive information of the employees both about a 

structure of their wage and remuneration and also about provided employees benefits. The surveys showed 
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that employees consider areal benefits as motivating just at a moment when they arbitrate between work 

proposals of different employers. After entering an employment, they consider it as a matter of fact which does 

not motivate them to a higher performance. That's why these benefits should be graduated in dependence on 

performance, and, besides of that, to add information in the month calculation with a financial calculation of 

the provided-by-employer benefits so that every employee was aware at each moment of how much resources 

is monthly spent by his/her employer extra to its legal obligation and eventually extra to the competitors offer 

in order to evaluate its employees.  

While employers have limited possibilities of financial motivation, non-financial motivation in a form of styles of 

guiding by line managers is unlimited. Czech companies continue to have reserves in it, because they 

underestimate an influence of an approach of the managers to their employees. At the same time just a style 

of managing and individual approach of the manager to his/her inferiors have a fundamental influence both for 

work motivation of the employee and also for his/her next progress.  

5. CONCLUSION 

The paper discovers the most significant at present obstacles of performance management both in 

metallurgical and other Czech manufacturing companies. It is about weaknesses which were confirmed in the 

scientific hypotheses by means of some own surveys of the authors as well as surveys and opinions of 

renowned counseling companies.  

The most burning weakness is a lack of qualified labor forces for most of blue-collar job positions, especially 

those physically demanding, which do not attract young people. At the same time, a range of quality labor 

forces, which meets requirements of job positions, is a presumption of effective work performance 

management in a company. Another problem can be bad set systems of appraisal, which are confusing up to 

unintelligible and don't fulfill their function because both employees and even their superiors, who perform 

appraisal, have doubts about them. This significant weakness can be deepened by another problem - non-

existence or too complexity of relations of the outputs of appraisal to remuneration. 

The authors recommended a series of actions to limit these weaknesses in the process of performance 

management, among others focusing on internal educational activities, strengthening and support of a role of 

a manager as a couch and mentor, and simplification of the remuneration system and interconnection of its 

flexible components to the outputs of appraisal. 
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Abstract 

An expression of economical, technical and technological processes by means of models consists in a 

selection of such facts which can be expressed with help of mathematical tools to provide us a suitable 

possibility of simpler descriptions or predictions of changes.  

A situation can occur that a functional expression is not possible or invokes so complicated mathematical 

relations that their explicit solving is not possible. Some numerical approximations are then attempted or 

simulated of the processes elements. The simulation procedure is used in a situation where it is not possible 

to handle analytical expression appropriately. 

The paper will be focused on a simulation procedure, which will be applied to a certain process of the 

metallurgical production. The goal is to find the warehouse operator's workload, the average wait time in the 

queue, and possibly to suggest further recommendations for optimizing the process. 

Keywords: Process simulation, bulk service, metallurgical production 

1. INTRODUCTION 

Simulation represents a numerical method of “complicated” probabilistic dynamical systems with help of 

experimenting with a model with the use of computer equipment. The searched variable will be obtained 

without mathematical algorithms but with help of imitation of a real system by computer [1]. The created real 

model cannot be solved with a mathematical procedure, respectively it could be a very time-consuming 

process. The simulation, first of all, is devoted to dynamical systems since they are complicated for using of a 

mathematical apparatus for solving [2]. We perform experiments on the model (set different parameters) and 

investigate its mode of behavior. It is a static experiment within the simulation; the result of the simulation is 

an estimation. It would be impossible to carry out the simulation on models without computer equipment. 

The simulation serves for solving theoretical and practical problems. A computer simulation is one of many 

methods used for the solution of particular tasks of managerial decision-making. In case of comprehensive 

and complicated tasks, it is usually an only possible method of solution. It can be used for [3]: 

• The determination of a mode of behavior of complicated real systems with the use of computer 
equipment. 

• A sensitive analysis of the solution for a change of input parameters. 

• System optimization. 

• The replacement of the real experiment by a computer-based experiment. 

The most frequently used simulating method in the tasks of bulk service is Monte Carlo [4]. It is a numerical 

solution of the probabilistic and deterministic tasks with help of frequently repeated stochastic attempts. The 

simulation is one of the most frequently used methods between engineers and managers of manufacturing 

enterprises.   
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2. RANDOM NUMBERS 

Values of the random numbers have to be generated for the Monte Carlo simulation experiments. While 

obtaining random values, we can use a table of random numbers, which are more likely applied for the 

mechanical simulation. The most frequently used method of obtaining random numbers for the purpose of 

computer simulating are arithmetical generators [5]. Random numbers are being obtained by means of 

mathematical operations with help of earlier obtained previous numbers. Since these operations are a result 

of calculations but not of a random, such obtained numbers are called pseudo-random. At present, the random 

number generators are usual part of the spreadsheet programs. Some software, such as the Excel 

spreadsheet program, generate random numbers with help of the RAND() function. 

3. THE CREATION OF THE SIMULATION MODEL 

The basic aspect of simulation is its algorithm, which, thus, becomes a computer program. The program itself 

must catch up [6]: 

• Model structure, 

• Model dynamics, 

• Model probabilistic character. 

The most important input for the development of the simulation model algorithm is which method will be used 
to catch time [7]. In the simulation models of the metallurgical processes, we work with continual time of all 

values because a request for the service of the equipment can come whenever.  

Another level of time concept is whether the state of the model changes continuously or just at certain times. 

In the above example, the number of incoming cars in the queue remains the same for a certain moment and 

changes only in discrete moments. 

Implementation of the algorithm can be demonstrated on a one-line operator system. There are 2 events: 
P - the arrival of the request, D - the completion of the operator. For each event, the time for the next 

occurrence is given: CP - the time of the next completion of the operator, CD - the time of the next service 

completion. If the time of the next event is unknown, the X value (such as displaying the largest value in the 

computer's memory) is loaded. The number of queued queries will be monitored in the variable F (at the 

beginning is F = 0). S variable 0 (operator not implemented) or value 1 (operation started). At the beginning of 

the simulation run, initial conditions are set and the time of first arrival in the system is generated. Then the 

program evaluates which type of event occurs first from the moment. The program sets a new time value and 

performs the connection activity with the selected event. When the selected event is the arrival of a request 
(P), it will assign the request to the queue (F = F + 1) and generate the next arrival time. Then the program 

asks for the value of the S variable to determine whether the operator is free or busy. If the operator is free, 
the operator starts (S = 1) and generates the completion time of the operator (CD). When the operator 

completes (D) as soon as possible, the service line is released. The program queries F to see if there is a 

queue in the queue. Otherwise, it will set X in the time for the completion of the operation. The program returns 

to determine the time closest to the next event. This cycle is repeated until the simulation program stops. 

4. EXPERIMENTS WITH THE MODEL AND RESULTS EVALUATION 

The first thing which we must focus on is a consideration whether the used simulation is an adequate method 

for the solution of the given problem of managerial decision-making. Another, equally important, thing is an 

economic aspect (costs of information collection, model developing, benefits resulting from new knowledge 

about system functionality, etc.). 
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Provided we make a decision to realize the given problem of the managerial decision-making by means of the 

simulation method, it is necessary to go through the following phases of the modelling process: 

• Problem specification, 

• Aims determination, 

• Limitation of the problem and its surrounding, 

• Identification of the structure and mutual relations between the elements. 

The most usual situation is when a system structure and relations between elements are known; the problem 

is that there is no unified approach how to solve it by a usual mathematical apparatus. We, thus, use a 

simulation, for example, for the calculation of complicated bulk service systems. The simulation model is most 

frequently used for cases when a part of the model is unknown for us (so called "black box"), for which we only 

know inputs and outputs. In such case, the simulation serves for the verification of hypotheses about the 

structure of the system and its surrounding. As far as the structure of the black box enables outputs for the 

corresponding inputs, the model is considered to be reliable. 

Work with the results (analysis and interpretation) is the most important part of the simulation itself [8]. It is 

mostly depreciated because the attention is usually paid to the separate creation of the simulation model and 

its realization by computer instead of the results.  

5. SIMULATION LANGUAGE, APPLICATION AND PLUG-INS 

Finally, the simulation model is transferred to a form of a computer program. The computer program can be 

written in a general programming language or in a simulation language (for example, GPSS/H). The first 

possibility represents a bigger freedom while creating a model, but the process of simulation itself is more 

challenging for the user. Another group of the products consists of already pre-prepared applications 

(WITNESS - a product designed for industrial enterprises), or plug-ins for the spreadsheet programs (@RISK). 

Since the group of users using a simulation they are focused on falls into the category of managers, it would 

be most suitable to use for the simulation either a spreadsheet program or a plug-in installed into the 

spreadsheet programs. Another aspect why to use a spreadsheet program is that at the present it is a basic 

part of the software equipment of computers, which managers use for their daily professional life. 

6. AN EXAMPLE OF APPLICATION OF A SIMULATION MODEL ON THE PROCESS OF 
DISPATCHING STEEL BILLETS 

Three customers per hour arrive to the storehouse of the metallurgical enterprise with sheet billets. This is a 

Poisson distribution that is equivalent to exponential one with a mean value of 20 minutes. The service time 

has an exponential distribution with a mean value of 18 minutes. The task is to determine a load of the 

storekeeper and the mean time of customer’s waiting in a queue. 

6.1  The procedure of solving  

Firstly, create a model in a spreadsheet program (see Table 1). 

Enter proper formulas into separate cells. Copy the formulas and create a sequence of customers. Add "zero" 

to the formula for generating an arrival for the first customer because the second customer is linked to the 

previous customer. 

The calculation of the mean values was carried out just for the customers from No. 3 to No. 26, because the 

first two of them are being omitted. These customers come into the system when there is no queue in it, that's 

why the time of staying in the system and in the queue can be depreciated. The first customer doesn't wait in 
a queue at all. 30 experiments were performed by means of a data table with one input (see Table 2). 
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Table 1 Simulation model in the MS Excel spreadsheet program 

Costumer Arrival Personnel Start Finish 
Stay 
time 

Queue 

1 106.29 0.25 106.29 106.54 0.25 0.00 

2 146.78 11.42 146.78 158.20 11.42 0.00 

3 165.27 34.16 165.27 199.43 34.16 0.00 

4 173.93 0.58 199.43 200.01 26.07 25.49 

5 186.15 10.70 200.01 210.71 24.56 13.86 

6 261.66 10.05 261.66 271.71 10.05 0.00 

7 262.19 4.81 271.71 276.52 14.34 9.53 

8 325.35 26.69 325.35 352.04 26.69 0.00 

9 338.33 10.00 352.04 362.05 23.71 13.71 

10 367.17 18.10 367.17 385.28 18.10 0.00 

11 370.19 3.96 385.28 389.24 19.05 15.09 

12 370.87 2.70 389.24 391.94 21.07 18.36 

13 405.87 20.38 405.87 426.25 20.38 0.00 

14 413.28 4.12 426.25 430.36 17.09 12.97 

15 463.85 51.73 463.85 515.58 51.73 0.00 

16 492.55 44.40 515.58 559.98 67.43 23.03 

17 494.71 6.58 559.98 566.56 71.85 65.27 

18 505.20 18.88 566.56 585.44 80.25 61.37 

19 518.66 2.49 585.44 587.93 69.28 66.79 

20 533.97 17.25 587.93 605.18 71.21 53.97 

21 624.70 8.05 624.70 632.74 8.05 0.00 

22 661.23 23.78 661.23 685.01 23.78 0.00 

23 693.78 8.57 693.78 702.34 8.57 0.00 

24 804.10 43.71 804.10 847.81 43.71 0.00 

25 844.24 8.78 847.81 856.59 12.35 3.57 

26 874.71 22.31 874.71 897.01 22.31 0.00 

Average 
 

16.78 
  

32.74 15.96 

Table 2 Simulation with help of a data table with one input 

Attempt Personnel Stay time Queue 

1 16.78 32.74 15.96 

2 24.26 92.37 68.11 

3 18.70 52.55 33.85 

4 16.86 28.19 11.34 

5 19.39 72.92 53.53 

6 16.42 67.50 51.08 

7 13.39 19.94 6.55 
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Table 2 (continue) 

Attempt Personnel Stay time Queue 

8 20.10 45.05 24.95 

9 18.64 69.47 50.83 

10 12.57 33.15 20.58 

11 21.45 43.19 21.75 

12 16.76 78.42 61.66 

13 20.54 58.53 37.99 

14 13.80 29.42 15.62 

15 21.36 40.70 19.33 

16 16.19 37.84 21.65 

17 20.07 76.27 56.21 

18 20.57 65.50 44.93 

19 16.56 36.86 30.30 

20 16.18 64.87 48.69 

21 16.29 33.15 16.86 

22 17.13 33.51 16.38 

23 17.07 50.95 33.89 

24 21.37 75.62 54.25 

25 17.19 33.08 15.88 

26 20.49 88.59 68.09 

27 12.87 18.88 6.01 

28 13.59 30.93 17.35 

29 17.46 83.76 66.30 

30 14.88 34.16 19.28 

Average 17.63 50.94 33.64 

It is possible to deduce from the table that a customer will be averagely in the queue of 33.64 minutes, wait for 

the operating staff for 17.63 minutes and remain in the system for 50.94 minutes in total. 

7. CONCLUSION 

The simulation is a tool which can be used for the calculation of service system indicators. The management 

uses this information for the proposal of a service system and for the improvement of its activity. The main 

reason of the origination of a queue, even in the case when an average rate of the operating staff is quicker 

than the average rate of the arrival is that the both rates fluctuate with an unpredictable way. The consequence 

of it are short-term changes both of the rates of arrivals and rates of servicing. It brings to non-using of the 

capacity in certain time periods and to waiting in another time periods. As appears from the examples, it should 

be suitable to enforce the storehouse by another storekeeper. 
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Abstract 

The expedition processes of the metallurgical enterprise are characterized by the high complexity that results 

from wide product portfolio, considerable size of products or the ever-increasing complexity of individual 

orders. Expedition centers of metallurgical enterprises are historically adapted to the formerly prevailing rail 

transport, instead of the currently prevailing road transport, and during the development there was not 

implemented a continuous improvement system that would allow them to adapt effectively to changing 

conditions. The aim of the article is to analyze the causes of waste in the expedition processes of metallurgical 

enterprises and to present possible approaches to their elimination, which will lead to efficient planning of the 

expedition or storage of products in the warehouse and to shortening the loading time. 

Keywords: Metallurgy, expedition process, properties, applications, testing methods 

1. INTRODUCTION 

The aim of the study is identification of the causes of wasting within the expedition process of a metallurgical 

enterprise, representation of possible approaches to their removal and solving of invoked problems, which will 

lead to efficient planning of the expedition or storage of products in the warehouse and to shortening the 

loading time. Although the aim of this study is not direct implementation of the Lean Manufacturing principles, 

the conception of the leanness served as a base for the generalization of knowledge obtained during the study.  

The basic sources of wasting described in the original model of Lean Manufacturing [1] are herein extended 

and used for the classification of the causes of wasting within the expedition process. As presented in literature, 

the aim of the successful company is to provide added value of all inputs by connecting all the value-adding 

steps to a continuous flow. Other activities that do not add value to the inputs and are not necessary, we refer 

to as the waste or inefficiency. [2] Lean Manufacturing does not mean purposeless reduction of costs. Its 

purpose is, above all, to provide maximum added value for customers. Lean approach is the way to higher 

production of a company, lower overhead costs, more efficient utilization of its area and production machinery. 

Lean Manufacturing cannot work without close contact with product development and technical preparation of 

production, logistics and company administration. [3] A lot of studies attending to the implementation of the 

Lean Manufacturing principles or summarizing benefits of this approach can be found in the current literature 

[4]. As the expedition process studied in this article can be very well perceived as a logistic activity, study on 

hourly stability analysis by Besta [5] should be mentioned, because it represents one point of view on analysis 

and improvement of manufacturing process. Samolejová also deals with the causes of wasting in her study. 

She characterizes the causes of wasting going from four specifics of the metallurgical production [6]:  

• 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. 

There is a series of methods for the identification of the causes of wasting, whereas one of the most significant 

methods is Value-Stream-Mapping, which is an improvement technique allowing visualization of an entire 
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production process, representing information and material flow, improvement of the production process by 

identifying waste and its sources [7]. The parameters involved in VSM can be inventory, cycle time, changeover 

time, uptime, number of operators and shifts, scrap rate, pack, pallet and batch size and distance travelled [8]. 

Sá et al. [9] presents a new method referred as Waste Identification Diagram, which comprises of three basic 

types of waste, namely inventory, overproduction and transport and should provide a visual outcome easy to 

understand by management, which overcomes some limitations of VSM method. In the context of the specifics 

of the metallurgical production and historical development, especially regarding the increase of complexity of 

the portfolio of the manufactured products and a transfer from the railway transport to the road transport, it is 

possible to assume that the expedition process plays a key role in the satisfaction of customers' needs and 

increasing of effectiveness of the entire enterprise. The herein presented analysis of the expedition process of 

a metallurgical enterprise is a base for a proposal of a diagram serving as a methodical utility for carrying-out 

of the expedition process analysis in a metallurgical enterprise in general. The use of the diagram will enable 

systematical analyzing of the expedition process with regards to the main types of wasting and identification 

of separate causes of wasting for their next analysis and consequential removal. 

2. METHODOLOGY 

The subject of the study of wasting was the expedition process of a metallurgical enterprise, respectively of an 

expedition center of a middle-fine rolling plant. Arrival of a truck to the road transport gate of the company area 

was selected as the start of the investigated process, while departure of the truck to a customer was set as 

the end of the process. Controlled interviews with participation of employees across the hierarchal levels of 

the enterprise from workers to the top management served as a fundamental method of obtaining knowledge 

for the presumed analysis and consequently for its methodical generalization. Structural correspondence 

questionnaires were also used for the collection of information; and group brainstorming were realized as well 

for this purpose. The first step of the analysis of the processes of the expedition center focusing on the 

identification of the main causes of wasting was process mapping, which was performed in cooperation with 

the managerial staff according to the BPMN methodology. The output of the expedition process mapping was 

a model performed in a graphical BPMN notation, which was compared with the actual process schemes used 

in the enterprise for identification of deviations and inconsistencies of real and assumed realization of the 

process. Based on the process map, outputs of the controlled interviews and structural questionnaires, main 

problem areas and causes of wasting were identified, which were used as inputs for the group brainstorming, 

the purpose of which was to identify a maximum possible spectrum of the problem areas, process weaknesses 

or causes of wasting in the expedition process. The base for the generalization of the outputs of the performed 

analysis of the processes was a Lean Manufacturing philosophy. Basic types of wasting coming from the 

original, respectively by 8-type-of-wasting extended, Lean Manufacturing philosophy were used for the 

construction of the modified Ishikawa causes-and-consequences diagram, in which - instead of original, 

standardly used - it creates the main branches of the diagram or main groups of the causes of the problem, by 

which the wasting in the expedition process was indicated. The Ishikawa diagram, within generalization of the 

obtained knowledges, was completed with auxiliary branches of causes falling into separate main categories. 

3. RESULTS 

Metallurgical enterprises are, as a rule, big complex enterprises, the operation of which is linked to a big volume 

of logistics operations. Metallurgical enterprises produce within big manufacturing campaigns by technological 

and economic reasons with the aim to minimize production costs and to fully utilize production capacities of 

the metallurgical aggregates. That's why it is necessary to be especially careful with the inventory management 

and make sure that wasting in the logistics doesn't exceed savings from the production. Customers at the 

present time continue to impose more and more individual requirements towards their suppliers, and that is 

both in the production sphere (quality, sizes, modifications, types of products) and in the logistics sphere 
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(package, JIT, marking, method of transportation). These individual customers' requirements result in more 

and more expanding portfolio of the manufactured products and more and more growing complexity of the 

expedition processes. 

Metallurgical enterprises were also historically fitted to the railway transport, which predominated in the past. 

The road freight transport, however, prevails at the present time, and expedition processes, thus, cannot be 

effectively performed in the company's area. As was found out from the analysis of the actual state of the 

expedition processes of the metallurgical enterprise, although there are internal regulations and other 

standards defining how the expedition has to be performed, controlled and implemented, the real expedition 

process is often proceeded in absolutely different way. This discordance between the required and real state 

of the expedition processes is caused by a series of factors such as out-of-date standards, insufficient 

familiarization of employees with the regulations and methods, insufficient information flow between 

workplaces, extern influences (suppliers, customers, forwarders), incorrect presumptions, bad organization 

and coordination of the expedition processes.  

Inadequacies and deviations were identified in the study of the expedition processes compared with the 

required state, which influence the quality of the expeditions process and result in the origination of below-
described cases of wasting, see Table 1. 

Table 1 Main causes of waste in expedition process of metallurgical enterprise [own study] 

Shortage area Waste type Cause Consequences Solution 

Expedition 
warehouse 
layout 

Inventory 
Waiting 
Motion 

Over fulfillment, 
Overproduction, Non-
systematic warehouse 
management, storage of 
products regardless of future 
expeditions 

Increasing load time, 
unnecessary motion, 
Ineffective space 
utilization 

Dynamic layout system, 
expanding warehouse 

Information 
systems 

Over processing 
Transportation 
Motion 

Obsolesce, Incompatibility, 
Historical development, 
insufficient server capacities 

Insufficient info/data 
flow, errors in 
expedition planning 

Increase of server 
capacities, integrating of 
IS 

Transport 
infrastructure 

Motion 
Transportation 
Waiting 

Historical development, Need 
of high investments 
 

Complicated truck 
manipulation, 
Ineffective space 
utilization 

Redesign and 
reconstruction of 
expedition center 

Expedition 
planning and 
coordinating 

Waiting 
Motion 

Insufficient info/data flow, Non-
integrated ITS, Expedition 
planning regardless of delivery 
specs. 

Unnecessary 
movement of trucks, 
unnecessary 
manipulation with 
supplies, Increasing 
load time 

Increasing info/data 
flow, Expedition 
planning regard of 
delivery specs. Dynamic 
system for truck loading 
organization 

Expedition 
center 
capacity 
utilization 

Unused potential 
Waiting 
Correction 

Carriers prefer certain day 
times, Drivers working mode 

High waiting times of 
trucks, unused 
capacity in unpopular 
day times 

Efforts to fulfill the 
unused daily times 

Workforce of 
expedition  

Motion 
Waiting 
Unused potential 

Insufficient staffing 
Increasing load time, 
Overworked workers 

Increasing expedition 
workforce, Effective shift 
planning regard of daily 
peaks 

Manipulating 
devices 

Waiting 
Correction 

Obsolesce, Need of high 
investments, Disturbance, 
Unplanned maintenance 

Increasing load time, 
Blocking of expedition 
center in case of 
breakdown 

Regular maintenance, 
device modernization 

Possible approaches for the elimination of the main causes of origination of wasting and recommendation for 

their solving were proposed for the most significant problem areas:  
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1) Expedition warehouse layout - An analysis of the portfolio of the stored products from the point of 

view of their volume and turnover rate is recommended to eliminate wasting in the sphere of the products 

storage in the expedition warehouse. Based on the analysis, a methodology for products positioning 

and a new layout of the storage areas will be created. With regards to an extensive portfolio of products 

manufactured by a metallurgical enterprise, it is necessary to create a dynamic algorithm for employees 

of the expedition warehouse, which must take into consideration not only the turnover rate of the 

products, their volume and sizes, but also a dead-lines of their planned expedition. A benefit of 

implementation of this recommendation is a functional system for products positioning and effective 

utilization of the spatial capacities, which leads to the decrease of the average loading time and to a 

reduction of the average waiting time of the trucks. 

2) Information systems - A frequent inadequacy is unavailability of data and information necessary for 

the employee for expedition planning and organization. The solution consists in setting of simple export 

groups or assignation of an access to the given system. Insufficient integration of a factory information 

systems, which causes irrelevance of information and discordance of data in separate systems, can be 

solved with IS suppliers in a form of an integrating project, by increasing server capacities for the 

provision of more frequent data exchange or by implementing a unique complex IS. A benefit of the 

growing integration of factory information systems is accessibility of all necessary information, relevance 

of data and information as well as improvement of the information flow between separate workplaces, 

by which occurrence of errors and misunderstanding in planning and expedition organization will be 

reduced. 

3) Transport infrastructure - By reason of historical development, expedition centers in most of 

metallurgical enterprises do not comply with the freight transport. To optimize functionality of the 

expedition center, it is necessary to optimize movements and routes for the trucks and to use effectively 

the space in the expedition center. Thanks to its investment demandingness, mostly an impracticable 

solution is a complete reconstruction of the expedition center so that it complied with the needs of the 

road freight transport. A real solution consists in organizational or minimal structural modifications, 

optimization of the utilization of the capacities and possibilities of the expedition center, which ensure 

easier and safe movement of the trucks inside the expedition warehouse, optimization of the routes of 

arrival and departure of the trucks.    

4) Expedition planning and coordinating - To eliminate wasting in expedition planning, it is advisable to 

pay attention especially to the information flow, which accompanies planning, and provide - on the basis 

of the performed analysis of the process - the accessibility of necessary information for all touched 

employees. To enable optimization of the expedition coordination process in the expedition center, it is 

necessary to analyze data on expeditions and classify different types of expedition cases by their 

average loading time and other optional specifications. Based on the analysis, it is then recommended 

that a dynamic algorithm to be created, which coordinates the course of expedition and determines the 

order of the dispatched trucks on the basis of specifications of separate deliveries. A benefit of the 

implementation of the above-mentioned recommendations is optimization of the entire organizational 

and planning process, leading to the minimization of excessive movements of the trucks, storing 

operations and to the decrease of the average waiting time and loading time of the trucks. 

5) Expedition center capacity utilization - It is necessary to achieve uniform exploitation of the EC. The 

base is the analysis of the volume of the dispatched trucks and their distribution within a day and week. 

Afterwards, it is necessary to try to fill up the unused times and, on the contrary, to discharge so called 

picks (daily/weekly). Expedition centers, as a rule, are in operation uninterruptedly in connection with 

continuous operation of the metallurgical aggregates. Non-uniformity in utilizing capacities of the 

expedition center is caused by external influences, for example, by a market force of the forwarders 
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which, using the actual market situation, can choose orders and determine conditions of transportation. 

Because of a series of reasons, forwarders give priority to the day-time for dispatching instead of the 

night-time. A forwarder can be motivated to use non-exploited time-windows by financial bonuses or by 

a preferential position among forwarders. The uniform utilization of the expedition center capacities 

enables increasing a number of loaded truck, decreasing the average waiting time of the truck and 

limitation of wasting by the non-usage of the capacities. 

6) Workforce of expedition - To eliminate wasting in the expedition process caused by ineffective 

planning of work-shifts, it is necessary to evaluate whether the number of employees in a usual work-

shift is enough for the smooth course of the expedition processes and whether it is suitable to have a 

stable number of employees in each work-shift or whether it is the most suitable to adapt the number of 

employees in the work-shift dynamically with regards to daily and weekly picks in the expedition. 

Implementation of work-shift planning depending on the exploitation rate of the expedition center brings 

shortening of loading times and shortening of the load rate of the employees of the expedition in daily 

and weekly picks. On the contrary, when the capacity of the expedition center is not fully used, this 

flexible planning brings savings of personnel costs and decreasing of wasting caused by non-utilization. 

7) Manipulating devices - Elimination of wasting caused by a bad state or insufficient performance of 

manipulating devices has to be initiated by an analysis of data on operation of these devices both for a 

number and exploitation rate of the device, wearing and obsoleteness, a failure rate, an average time 

between reparations and an average duration of reparations. After having performed the analysis, it is 

necessary to go on depending on recognized facts by modification of the number of manipulating 

devices as well as by optimization of maintenance or renewal. Implementation of the above-mentioned 

actions increases the general effectiveness and capacity of the expedition center. The optimal number 

and state of the manipulating devices reduces the average waiting and loading times of the trucks. 

Improvement of the maintenance system prevents from failures requiring unplanned repairs, which 

invoke wasting from non-activity of the expedition center and wasting from waiting of the trucks. 

4. GENERALIZATION OF THE STUDY RESULTS 

On the basis of the realized study, we can - based on the identification of wasting in the expedition process, 

which serves as a base for the proposal for their removal - recommend a general procedure consisting of the 

following sequence of activities: 

• Expedition processes analysis - processes mapping, controlled interviews, measurement in operation, 

analyses of data. 

• Expedition processes evaluation - evaluation of effectiveness and maturity of the processes. 

• Identification of weaknesses - with help of the model Ishikawa diagram. 

Using the principles of the Lean Manufacturing philosophy, a model Ishikawa diagram was compiled for the 

identification of wasting in the expedition processes of metallurgical enterprises, which is a suitable method for 

the initiation of a process of gradual improvement of the expedition processes in the metallurgical enterprises; 

it conducts the assigned employees by separate types of wasting and warns of their main causes. Based on 

a concrete state of the expedition processes, it is possible to adapt the diagram and complete it with other 
causes of wasting for the specific conditions of each enterprise. The diagram, see Figure 1, is compiled from 

8 main branches, which carry the marking of the main types of wasting according to the Lean Manufacturing 

philosophy. Auxiliary branches of each main branch carry marking of the main causes of wasting discovered 

on the basis of the realized study.  
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Figure 1 Ishikawa diagram of causes of waste in expedition process 

5. CONCLUSION 

On the grounds of the expedition process analysis of a concrete metallurgical enterprise, main causes of 

wasting were identified, and frame approaches of their solution were proposed. Based on the performed 

process analysis, a model Ishikawa diagram was created with the use of ideas of the Lean Manufacturing 

conception, which can be used at identification of the causes of wasting in the expedition process of the 

metallurgical enterprise. The proposed approach will enable performance of the first fundamental step to the 

employees of metallurgical enterprises without implementation of complicated methods and approaches on 

the route to continual improvement of the factory processes, respectively the expedition processes, in which 

in the case study there were discovered a lot of occasions for the improvement and removal of wasting, which 

resulted in considerable costs. The proposed structure of the causes of wasting should serve as a base for the 

iterative investigation of the expedition processes of metallurgical enterprises, which will enable systematical 

work related to the removal of the causes of wasting and increase of the effectiveness of the expedition 

process, which significantly influences the effectiveness of the entire enterprise.   
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Abstract  

The article presents efficiency and labour productivity analysis of Polish metal industry in 2010-2016. The 

study applies the Malmquist Productivity Index (MPI), which was used to analyze changes in metal industry 

productivity. The study indicated which factor - technological progress or changes in technical efficiency had 

a greater impact on the change in productivity of metal industry in Poland. The main purpose of this paper is 

to evaluate changes in the productivity of the metallurgical industry in Poland and to compare the efficiency of 

12 branch manufacturing metal products. Meanwhile, the highest average index of changes in MPI during the 

period was achieved by manufacture of basic precious and other non-ferrous metals and manufacture of 

structural metal products. 

Keywords: Metallurgy, productivity, Malmquist Productivity Index 

1. INTRODUCTION 

The metallurgical industry in Poland is an important branch of the economy, which is proven by its 10 percent 

share in sold production of general industry in 2016. There are about 1400 companies (with over 49 

employees) in the field of metals and metal products production present on the Polish market [1,2]. 

Efficiency is the main criterion for comprehensive assessment of activities of entire industry sector and 

individual economic operators [3]. A micro-economic approach to efficiency is linked to individual enterprise 

and defined as the relation between the effects obtained by a particular economic operator and its input [4]. 

Efficiency of industry sectors is a very complex economic issue and methods used in the process of its analysis 

have their respective advantages and limitations. The integrated approach must be used - based on various 

methods that implement each other and therefore allow for formulation of even more credible conclusions [5,6].    

The purpose of this article was to evaluate efficiency and changes in the productivity of the metallurgical 

industry in Poland in 2010-2016. The studies were based on the two partial productivity measures. First were 

labour and assets productivity, the other was Malmquist Productivity Index. 

2. METHODS 

The Malmquist Productivity Index (MPI) was employed in order to verify the research hypotheses on the basis 

of data for the metal industry in US. Malmquist Productivity Index is the most frequently used approach to 

quantification of changes in total factor productivity. MPI first introduced by Malmquist [7] has further been 

studied and developed in Färe et al. [8, 9]. Färe et al. [8] constructed the DEA-based MPI as the geometric 

mean of the two Malmquist productivity indices of Caves et al. [10] - one measures the change in technical 

efficiency and the other measures the shift in the frontier technology. Färe et al. [9] developed it into the output-

based Malmquist productivity change index. The input-oriented Malmquist productivity index of a DMU can be 

expressed as 

 

(1) 
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where xt and xt+1 are input vectors of dimension l at time t and t+1, respectively. yt and yt+1 are the corresponding 

k-output vectors. Dt and Dt+1 denote an input - oriented distance function with respect to production technology 

at t or t+1, which is defined as: 

{ })y(L)ρ/s(:ρmax=)y,x(D ∈                                                                                                                     (2) 

where L(y) represents the number of all input vectors with which a certain output vector y can be produced, 

that is, L(y)=v¹: º �©  +� ¸L�!,��! îA½ℎ ¹w. ρ in eq. (2) can be understood as a reciprocal value of the factor 

by with the total inputs could be maximally reduced without reducing output. 

M measures the productivity change between periods t and t + 1, productivity declines if M < 1, remains 

unchanged if M = 1 and improves if M > 1. The frontier technology determined by the efficient frontier is 

estimated using DEA for a set of DMUs. However, the frontier technology for a particular DMU under evaluation 

is only represented by a section of the DEA frontier or a facet. Färe et al. [8] decomposed the MPI in eq. (1) 

into two terms, as shown in eq. (3), that makes it possible to measure the change of technical efficiency and 

the shift of the frontier in terms of a specific DMU. This implies that productivity change includes changes in 

technical efficiency (EFCH) as well as changes in production technology (technical change TECH). 

 

(3) 

The first term on the left hand side captures the change in technical efficiency (EFCH) between periods t and 

t + 1. EFCH > 1 indicates that technical efficiency change improves while EFCH <1 indicates efficiency change 

declines. The second term measures the technology frontier shift (TECH) between periods t and t + 1. A value 

of TECH >1 indicates progress in the technology, a value of TECH < 1 indicates regress in the technology. 

TECH = 1 indicates no shift in technology frontier. The technical efficiency change can further be decomposed 

into scale efficiency change (SECH) and pure technical efficiency change (PTEC) [7]. 

3. RESULTS 

The research used data for 2010 − 2016 on 12 Polish sectors of the metal industry published in the Central 

Statistical Office. The author identified two groups of branches:   

• manufacture of basic metals: 

− manufacture of basic iron and steel and of ferroalloys, 

− 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, 

• manufacture of metal products: 

− manufacture of structural metal products, 

− manufacture of tanks, reservoirs and containers of metal, 

− manufacture of steam generators, except central heating hot water boilers, 

− manufacture of weapons and ammunition, 

− forging, pressing, stamping and roll- forming of metal; powder metallurgy, 

− treatment and coating of metals; machining, 

− manufacture of cutlery, tools and general hardware. 

In the years 2010-2016, the number of enterprises involved in the manufacture of basic metals and metal 

products increased by 21% (from 1183 to 1426). During this period, the metallurgical industry also generated 
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an increase in sales revenue by 42%. ¾ employed in the industry engaged in the manufacture of metal 
products. In the analyzed period, the number of employees increased by 17% (Table 1). 

One of the most important efficiency indicators is labour productivity. The Polish metal industry recorded in 
2010-2016 an increase in labor productivity and a decrease in asset productivity (Table 1). Branches of the 

manufacture of basic metals reported annual labour productivity at PLN 740 per person. Such labour 
productivity was ca. 40% higher than in the sectors manufacture of metal products (Table 1). On the other 

hand, the branches manufacture of metal products experienced a higher productivity of fixed assets than 

manufacture of basic metal, 1.74 and 1.40 respectively. Therefore, one can question in the manufacture of 

metal products sectors are indeed more efficient − does their higher labour productivity compensate for their 

lower fixed asset productivity?  

Table 1 Economic results of the metallurgical sectors in Poland 

Sectors 2010 2011 2012 2013 2014 2015 2016 
Dynamics 

2010=100 

Economic entities 

Manufacture of basic metals 160 166 172 170 171 179 190 119% 

Manufacture of metal products 1023 1105 1124 1115 1142 1184 1236 121% 

Metal industry (Total) 1183 1271 1296 1285 1313 1363 1426 121% 

Sold production (in mln PLN) 

Manufacture of basic metals 33983 43727 42960 39318 41251 42327 42107 124% 

Manufacture of metal products 39814 49344 51831 51785 55510 59011 62331 157% 

Metal industry (Total) 73797 93071 94791 91103 96760 101338 104439 142% 

Average paid employment (in thous) 

Manufacture of basic metals 54.6 55.4 55.5 53.7 53.6 55.0 57.9 106% 

Manufacture of metal products 154.6 166.4 168.0 166.8 173.4 178.7 186.8 121% 

Metal industry (Total) 209.2 221.8 223.5 220.5 227.0 233.7 244.7 117% 

Labour productivity (thous PLN/person) 

Manufacture of basic metals 622 789 774 732 770    770    727    117% 

Manufacture of metal products 258  297 309 310 320    330    334    130% 

Metal industry (Total) 353 420 424 413 426    434    427    121% 

Productivity of fixed assets 

Manufacture of basic metals 1.41 1.58 1.52 1.37 1.36 1.33 1.24 88% 

Manufacture of metal products 1.73 1.88 1.83 1.73 1.75 1.67 1.60 92% 

Metal industry (Total) 1.57 1.73 1.67 1.55 1.56 1.51 1,43 92% 

Source: Own calculations based on Central Statistical Office 2011-2017 

Considering the above issue, the authors also made a comparison on the basis of a multi-dimensional method 

of measuring productivity. Therefore, the Malmquist Productivity Index was used. The calculated model uses 

the following variables: 

• effect y1 - value of production sold by the individual branches, 

• input x1 - number of employees, 
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• input x2 - fixed assets gross value.  

The average annual Malmquist Productivity Index for the metallurgical industry in Poland for the years 2010-

2016 ranged from 0.90 to 1.11. The highest average annual changes in productivity in the sector was recorded 
at the turn of 2010/2011 (Table 2). In the next two periods, the sector was characterised by a decline in average 

productivity (MPI<1) and only between 2013 and 2014 one can assume that the average annual productivity 

improved slightly. Unfortunately, in 2014-2016, MPI was again below 1, both in the sector manufactureof basic 

metals and sectors manufacture of metal products. 

Taking into account the individual components of the MPI index one can observe that changes in technical 

efficiency (EFCH) were similar to changes for the entire MPI index. Only in the 2010/2011 and 2013/2014 

periods had the sector experienced improvement in efficiency, in the following years no improvement in 
technical efficiency was observed from period to period (Table 2). Meanwhile, the average annual change in 

technological progress in sectors manufacture of basic metal was higher than in the sectors manufacture of 

metal products (the average TECH indicator was 1.01).  

Table 2 Malmquist Productivity Index, changes in technical efficiency, changes in production technology  

    calculated for metal industry in Poland 

Sectors 2010/2011 2011/2012 2012/2013 2013/2014 2014/2015 2015/2016 Dynamics 

2010=100 

Malmquist Productivity Index (MPI) 

Manufacture of basic metals 1.23 0.91 0.95 1.00 0.98 0.93 76% 

Manufacture of metal products 1.12 0.94 0.90 1.01 0.97 0.91 81% 

Metal industry (Total) 1.11 0.95 0.90 1.01 0.97 0.90 81% 

Changes in technical efficiency (EFCH) 

Manufacture of basic metals 1.20 0.91 0.94 1.00 0.97 0.96 80% 

Manufacture of metal products 1.19 0.98 0.91 1.12 0.98 0.91 76% 

Metal industry (Total) 1.19 0.98 0.91 1.12 0.98 0.90 76% 

Technological progres (TECH) 

Manufacture of basic metals 1.07 1.01 1.01 1.00 1.01 0.97 91% 

Manufacture of metal products 1.00 0.97 0.99 0.96 1.00 1.01 100% 

Metal industry (Total) 1.00 0.97 0.99 0.95 0.99 1.01 101% 

Source: Own calculations based on Central Statistical Office 2011-2017 

When analysing the average level of efficiency indicators in individual sectors one should consider that the 

highest average labour productivity was recorded in manufacture of basic iron and steel and of ferro-alloys 
(Table 3). On the other hand, the highest average productivity of fixed assets was recorded in manufacture of 

steam generators, except central heating hot water boilers. Respectively, 2 out of the 12 sectors improved 
overall productivity over the studied period (Table 3). The highest average annual increase in the Malmquist 

Index (MPI) was recorded in the following sectors: manufacture of basic precious and other non-ferrous metals 

(6%) and manufacture of structural metal products (4%), with the lowest in manufacture of weapons and 
ammunition (Table 3). 

The average annual increases in changes in technical efficiency (EFCH) were recorded in manufacture of 

weapons and ammunition (1.25), manufacture of tubes, pipes, hollow profiles and related fittings, of steel 

(1.04), manufacture of basic precious and other non-ferrous metals (1.04) and manufacture of structural metal 

products (1.02). In turn, other sectors recorded a decrease in technical efficiency over the studied period. 
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The largest average annual increases in the index of technological change (TECH) were recorded in 

manufacture of basic precious and other non-ferrous metals, manufacture of structural metal products and 

manufacture of cutlery, tools and general hardware. In 5 out of the 12 sectors decreased index of technological 

change over the studied period. 

Table 3 Labour productivity, productivity of fixed assets and Malmquist Productivity Index of branches  

    manufacture of basic metals and metal products 

Sectors Labour productivity Productivity of fixed 
assets 

Average 
annual 

Malmquist 
Productivity 
Index (MPI) 

2010-2016 

2010 2016 
Dynamics 
2010=100 

2010 2016 
Dynamics 
2010=100 

Manufacture of basic metals 

manufacture of basic iron and steel and 
of  ferro-alloys 838 1053 126% 1.23 0.97 78% 0.99 

manufacture of tubes, pipes, hollow 
profiles and related fittings, of steel 464 561 121% 2.24 1.57 70% 0.99 

manufacture of other products of first 
processing of steel 589 610 104% 1.59 1.48 93% 0.98 

manufacture of basic precious and other 
non-ferrous metals 697 864 124% 1.78 2.12 119% 1.06 

casting of metals 275 351 128% 1.66 1.33 80% 0.98 

Manufacture of metal products 

manufacture of structural metal products 243 333 137% 2.13 1.97 92% 1.04 

manufacture of tanks, reservoirs and 
containers of metal 263 337 128% 1.84 1.62 88% 1.00 

manufacture of steam generators, except 
central heating hot water boilers 343 557 162% 2.47 2.48 100% 0.98 

manufacture of weapons and ammunition 183 237 130% 0.93 0.85 91% 0.72 

forging, pressing, stamping and roll- 
forming of metal; powder metallurgy 329 428 130% 1.82 1.79 99% 0.97 

treatment and coating of metals; 
machining 240 286 119% 1.84 1.67 91% 1.00 

manufacture of cutlery, tools and general 
hardware 157 194 124% 0.74 0.65 88% 0.98 

Source: Own calculations based on Central Statistical Office 2011-2017 

4. CONCLUSION 

The analyses conducted in this article can be used to draw the following conclusions:  

1) The paper presents an analysis of changes in efficiency and productivity of the Polish metallurgical 

sector in the years 2010-2016 based on labour and assets productivity and also the Malmquist 

Productivity Index. Results made it possible to identify the general trend for changes in productivity for 

the entire metal sector and its individual branches.  

2) In the period between 2010 and 2016, productivity of the Polish metallurgical sector was decresing. The 

mean annual MPI for the analysed period was below 1, showing approx. 3% mean annual decrease in 
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productivity for the whole sector. In turn, between individual periods productivity was found both to 

increase and decrease. 

3) Individual metallurgical industry sectors are characterized by different levels of labour efficiency and 

productivity of fixed assets. It has been decided that it will be difficult to create a reliable ranking of 

industries according to their effectiveness, using one-dimensional indicators. For that reason further 

studies used the Malmquist Productivity Index.  

4) The highest improvement in productivity was recorded in the manufacture of basic precious and other 

non-ferrous metals (annual average approx. 6%) as well as manufacture of structural metal products 

(annual average approx. 4%).  

5) The Polish metallurgical industry is on par with the foreign competition in terms of technological 

development. Therefore, in order for it to improve its position on the international market, more emphasis 

should be put on improving technical efficiency, actions taken to increase demand for steel products, 

access of steel manufacturers to foreign markets made easier, as well as affordable energy prices 

assured and the impacts of energy and raw materials on costs of production mitigated. 
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Abstract  

The aim of the article is to point out the interrelation between the economic results of metallurgical companies 

and the number of patent applications and utility models. With the constant development of the market 

environment, not only the business conditions in which each enterprise exists are changing, but the protection 

of industrial rights is also growing considerably. The importance of intellectual property rights for businesses 

and the economy has become more pronounced in recent years. The most important reason for securing any 

industrial and legal protection is to ensure the exclusive position of a company on the market in a given territory 

and hence to assert all the rights that arise from legal protection. The filing of applications for inventions and 

utility models is related to the development, research and innovation processes of companies. Innovation 

processes are related to investments, and in this respect, the direct connection between the market 

performance of metallurgical enterprises and the activity in the field of intellectual property protection is seen. 

Intellectual property protection enables metallurgical companies to consolidate the exclusive position of their 

products and technical solutions and thus to obtain a financial bonus resulting from a fixed position on the 

market.  

Keywords: Metallurgy, Industrial property protection system 

1. INTRODUCTION 

1.1. Intellectual property protection 

Intellectual property protection is primarily intended to protect the results of development and innovation 

processes; it provides owners of intellectual property rights with protection against the abuse by competitors 

and enables them to consolidate their position on the market [1]. Industrial ownership is a form of ownership 

that involves intangible assets. Patents are granted for inventions that meet the conditions laid down by law - 

they are new, they are the result of inventive activities and are industrially usable. Inventions are legally 

enshrined in Act No. 527/1990 Coll. and the effects for the owner are described in Section 11 of this Act, which 

states that the owner of the invention has the exclusive right to use the invention, to dispose of it in any way, 

or to transfer the patent to anybody [2]. The motivation for obtaining a patent may be not only the consolidation 

of the market position and the resulting financial bonus, but also the licensing grounds. Since the patent owner 

has the right to dispose of the patent, s/he may, under the license agreement, provide his/her invention to 

another entity for a fee and thereby obtain additional funds. Metallurgy ranks among one of the 20 industries 

that recorded the fastest year-on-year increase (8.1 %) of patents between 2005 and 2015 [3]. 

1.2. Industrial property law in the Czech Republic, the EU and the world 

The rapid development of industrial rights protection is linked to the scientific and technological revolution of 

the 18th and 19th centuries. This development culminated in the adoption of the Paris Convention for the 
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Protection of Industrial Property in 1883, which is at present the most important legal act in the field of industrial 

property protection; it represents the basis for other agreements further extending this act [4]. 

Industrial property law in the Czech Republic - the most important laws stipulating, on the one hand, the legal 

conditions for the establishment of industrial protection and its way and duration include Act No. 527/1990 

Coll., on Inventions and Improvement Proposals, Act No. 478/1992 Coll., on Utility Models, Act No. 207/2000 

Coll., on the Protection of Industrial Designs, and Act No. 441/2003 Coll., on Trademarks. The Industrial 

Property Office acts as a patent and trademark office. 

In the context of the establishment of the World Trade Organization, many international treaties have been 

adopted, including the TRIPS Agreement on Trade-Related Aspects of Intellectual Property Rights [5]. The 

reason for this agreement was the growing number of IPR-protected products, as well as their violations, which 

had the effect of slowing down technological progress as there was less and less investment in innovation 

processes and development. Within the European Union, the European Patent Organisation, the European 

Patent Office and the Unified Patent Court are among the most important institutions active in the field of patent 

law. 

The legal protection of industrial property has undergone a long-term development aimed at harmonizing the 

rights in individual countries across the world. The development of industrial rights must respond to dynamic 

emerging industries such as robotics or biotechnology. The whole process of developing and harmonizing 

industrial rights is not only aimed at recording new inventions and other industrial rights but as a whole, it seeks 

to promote technological progress. Basically, the idea consists in a simple approach: why develop something 

that has been developed somewhere; innovative processes and developments should be aimed to further 

improve the state of the art. The state of the art means any evidence that your invention is already known, that 

is, everything that exists in the world. The truth is that many inventions never become real products. Before 

initiating an innovative process or development, it is necessary to search on the state of the art of the subject 

of potential development. This is a professional activity which can, however, make it possible not only to get 

valuable information about the inventions that are already known but thanks to the research activities, can be 

learned about the competition, the trends in the given area, and especially the information about the future 

direction and prospects of the whole field. 

2. INNOVATIVE PROCESS IN ENTERPRISES  

As already mentioned, patent protection allows companies to consolidate their market position, and this gives 

businesses additional financial bonuses. When the patent owner’s rights are violated, the owner may request 

that the violation be forbidden, with subsequent quantification of the damage or unjust enrichment. In many 

cases, industrial rights violations occur unintentionally. When the development or innovation process is 

completed without a properly conducted search at the beginning, it is found that the given subject of 

development violates the rights and that all of the funds invested in the development are lost. 

Before launching the innovation process in companies, it is necessary to identify whether development costs 

are adequate to the commercial potential of the particular solution. At the same time, it is essential to ascertain 

whether the subject of the innovation process is not already developed and whether it is not protected by an 

entity, for example by a patent. In 2012, it was estimated that approximately 20 billion EUR were spent within 

Europe to develop products that have already been developed. A search is made to avoid the waste of 

development resources. The search process consists of the following stages - analysis of the information 

request, selection of the information source, search strategy, result output, delivery of the primary document. 

To find out whether the innovation process should be started, a search on the subject of a potential innovation 

process is carried out. Searches and surveys are used in research and development activities when defining 

the innovation process in companies; they represent an instrument for gaining insight into the state of the art 

and lead to a competitive advantage over other businesses in the industry. The processing of searches belongs 
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to professional activities that involve work with both technical and legal information. Searches in the field of 

industrial and legal protection are carried out by means of information systems [6]. 

The most important databases are set up and managed either directly by institutions dealing with intellectual 

property, such as the Industrial Property Office (ÚPV) [7], or by companies that provide and administer these 

databases free of charge, such as Google patents [8], or companies that manage and operate information 

systems subject to a charge, such as STN international [9]. There are a number of other databases that are 

interconnected in many cases to get the most relevant data. The Industrial Property Office of the Czech 

Republic creates and manages a set of online databases containing information on Czech intellectual property. 

In addition to the patent database, it is a database of industrial designs, a database of trademarks valid in the 

Czech Republic (ÚPV, WIPO, OHIM) and the database of designations of origin and geographical indications 

(ÚPV, WIPO). The importance of industrial protection in Europe is evident from the following facts. Based on 

a study by the European Patent Office and the European Union, it has been established that the protection of 

intellectual property linked to economic performance directly or indirectly supports 35 % of jobs, almost 39 % 

of the European Union’s GDP and 90 % of foreign trade. In Europe, there are more than 2.3 million European 

companies owning patents, trademarks and industrial designs; it is four times more likely for large companies 

to own intellectual property rights than for small companies - 40 % of larger companies have registered rights 

compared to 9 % of small and medium enterprises. The results show that businesses owning intellectual 

property rights generate significantly higher earnings per employee than those that do not hold them; they 

have more employees and pay higher wages. This relationship is particularly strong for small and medium 

enterprises. The importance of industrial rights in the Czech Republic is also evident in Tables 1, 2, 3. In the 

Czech Republic, we can observe a long-term growth trend in the number of new patents. Table 1 shows that 

in 2016, 675 patents were granted to entities from the Czech Republic. It is clear from Table 2 that in 2016, 

the Office recorded 6,067 new patents valid in the territory of the Czech Republic filed by foreign entities. An 

increasing trend can also be observed from year 2008.   

Table 1 Patents granted to applicants from the Czech Republic according to the principal International  

  Patent Classification (IPC) sections and the grant year [10] 

 2010 2011 2012 2013 2014 2015 2016 

In total 294 340 423 435 493 605 675 

A Human needs 37 40 59 58 60 72 97 

B Industrial 
technology, 

transport 
69 62 97 96 99 112 138 

C Chemistry; 
metallurgy 79 98 105 87 102 156 138 

D Textile; paper 9 10 11 16 22 14 26 

E Construction 
industry 13 25 28 28 33 45 47 

F Mechanics; 
lighting; heating; 

weapons 
33 39 45 43 60 63 84 

G Physics 36 54 60 82 92 107 110 

H Electricity 18 12 17 24 24 35 34 
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Table 2 Patents granted (validated) in the Czech Republic to foreign applicants according to the main MPT  

   sections and the year of the award [10] 

 2010 2011 2012 2013 2014 2015 2016 

In total 4,310 4,689 4,906 4,778 4,738 4,971 6,067 

A Human needs 887 915 1,020 1,036 1,042 1,118 1,395 

B Industrial 
technology, 

transport 
1,026 1,196 1,143 1,174 1,157 1,057 1,308 

C Chemistry; 
metallurgy 1,176 1,228 1,237 1,191 1,203 1,277 1,478 

D Textile; paper 119 132 143 124 121 128 140 

E Construction 
industry 246 221 266 229 225 307 371 

F Mechanics; 
lighting; heating; 

weapons 
358 423 400 387 402 499 610 

G Physics 193 212 300 297 258 235 312 

H Electricity 305 362 396 340 329 349 452 

Table 3 Patents granted, applications for inventions and utility models in the field of metallurgy [10] 

 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

In total  98 121 128 130 128 127 166 155 140 191 

A Patents 
granted 

nationally and 
EP 

93 87 97 115 96 80 110 131 120 174 

Domestic 5 4 5 11 6 12 16 27 18 10 

Foreign 30 18 11 14 9 4 9 8 9 3 

PCT out of this 
number 

27 14 11 9 7 4 7 6 7 2 

EP validated 58 65 81 90 81 64 85 96 93 161 

B National 
applications for 

inventions 
3 19 20 9 12 22 30 11 12 8 

Domestic 2 15 18 8 8 20 29 11 11 8 

Foreign 1 4 2 1 4 2 1 0 1 0 

PCT out of this 
number 

1 3 1 0 4 1 1 0 1 0 

C Utility model 
applications 

2 15 11 6 20 25 26 13 8 9 

Domestic 2 14 11 6 20 25 25 12 6 9 

Foreign 0 1 0 0 0 0 1 1 2 0 

Table 3 shows the trend of registered inventions, utility models and validated patents within the Czech 

Republic, whether domestic or foreign subjects in the field of metallurgy. It is needed to identify the trend of 

intellectual property activities on a broader scale in connection with the economic results of the companies 
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operating in the field of metallurgy. The innovative process in the field of metallurgy lasts approximately 24 

months, and investments are made in innovative processes especially in the case of sound economic 

performance of companies. 

In 2008, the Czech Statistical Office and the Ministry of Industry and Trade identified sales of metallurgical and 

foundry companies in the Czech Republic at the level of 240.14 billion, followed by a sharp year-on-year 

decline to the level of 144.55 billion in 2009. If the innovation process was launched in 2008, at the time of a 

favourable economic situation, if the innovation process took the 24 months, the direct link between the sales 

of metallurgical firms and the number of patent applications filed is confirmed. In 2010, 18 patent applications 

were filed by domestic entities in the field of metallurgy, and another year saw a sharp drop to the level of 8 

applications filed by domestic entities. This interdependence can also be seen in the years to come. 

In the framework of the analysis conducted by the team of authors a direct proportion was found between the 

number of patent applications and utility models and the economic performance of companies operating in the 

metallurgical field. For a more detailed analysis, a metallurgical product was selected, specifically the filed 

inventions and patents concerning the new iron and aluminium alloys. Based on the analysis, it has been found 
that since 2012, the number of applications for new iron and aluminium alloys has increased rapidly (Figure 1). 

 

Figure 1 Number of Applications of Patents [10] 

For metallurgical companies, this very information can be essential to expand the portfolio of its products. 

Given the high cost of developing a new alloy, it would be appropriate to identify patent applications or patents 

for the new alloy, and on the basis of an estimate of the commercial success and usability of these alloys, 

metallurgical companies could verify the production of the alloys listed in the records, their applicability for 

prospective clients and, in case of positive feedback from their customers, contact the patent or patent 

application owner and start negotiating production licensing. In the case of new patented materials, their 

specific compositions are stated in the applications and patent documents, since the expert has to be able to 

construct the subject of the invention according to the file. The mere testing by the metallurgical company as 
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described in the documents cannot be considered as a violation of the patent rights of the industrial property 

owner, provided that the particular verified sample is not commercially stated anywhere. Obviously, we can 

think of a variant that after testing the alloys listed in the records, the metallurgical company can invent its 

improvement of the particular alloy and to file an application for itself. Assessing how to proceed depends on 

the management of the given company, its financial health and economic performance. The search also 

revealed that most of the alloy applications came from Russia, Taiwan and China. Another aspect is the 

appreciation of those patents that have commercial success. Through professional search, we can identify 

those protection items that are globally protected and whose maintenance fees are constantly reimbursed. 

The patent is valid for 20 years during which the applicant must pay maintenance fees at regular or irregular 

intervals. Maintenance fees increase over time, and in the case of globally protected alloys (in the field of 

metallurgy), patent objects need to have such commercial success to generate profits for the given owner and 

at the same time create the necessary funds to cover maintenance charges that are not negligible at all. This 

means that, for example, a company operating in the Czech Republic could identify a patent that expires in 

two years, prepare for the production of this commercially successful alloy over the next two years, and on the 

day after the patent expiry date, it could start producing and commercializing the alloy without the 

consequences resulting from infringement of industrial rights. The analysis further revealed the aspect of the 

ever-increasing number of alloys applied over time. It can be explained by the fact that the innovation process 

is continuous and economically justifiable. An example of good practice, though not in the field of metallurgy, 

is the successful Linet Company, which started to manufacture its products on the basis of a 25-year-old 

patent. 

3. CONCLUSION 

In the field of metallurgical analysis, the direct correlation between the number of applications for inventions 

and utility models and the economic result of companies operating in the metallurgical field was found. In the 

context of the closer study and the inclusion of other factors, further interconnectedness can be found for a 

particular product to socio-economic factors that have a significant effect on the activity of intellectual property 

enterprises. One of the other secondary results of this analysis can be seen in the interconnectedness of 

product-specific searches and the estimation of the development of potentially commercially successful 

products. Professional search activities in the field of metallurgy can be used in the decision-making process 

of companies whether they will enter into particular innovation processes based on an estimate of the future 

commercial potential of specific metallurgical products. The evaluation process itself cannot generally be 

determined, as many factors have to be taken into account. Search activity is a professional activity and must 

include complex elements of a particular company. 
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Abstract  

In Poland titanium-vanadium-magnetite ore deposits are located near Suwałki. In the eighties and nineties of 

the last century, several research centers conducted research into the possible future use of these ores in the 

Polish metallurgy. The main purpose of these studies was to develop recovery methods for the vanadium and 

iron ores. The research was carried out in laboratory conditions, which was conditioned by a small quantity of 

several tons of these ores supplied from the future mine’s wells. Research on the use of similar ores in Polish 

metallurgy was also carried out. Both laboratory and industrial research have enabled the development of a 

future technology for the use of Polish titanium-vanadium-magnetite ores in Polish metallurgy. Based on 

previous research, a hypothetical block diagram of vanadium logistics from Polish titanium vanadium magnetite 

ores can be created.  

Keywords: Titanium-vanadium-magnetite ores  

1. INTRODUCTION 

The continuous development of the blast furnace process requires the use of a charge with appropriate 

physicochemical properties. The main components in blast furnace charge used in blast furnaces are mixtures 

of sinters and pellets with content more than 55% of iron. 

Iron ore, mainly on the matrix mineral, hematite or magnetite mined in the form of a piece, as grain with too 

low iron content below 50%, are subject to appropriate enrichment and fragmentation. Grinded ores with grain 

size less than 1.0 mm called concentrates are subject to further processing in the sintering or pelletising 

process and the obtained product of appropriate quality in the form of sinter or pellets is the basic raw material 

for the production of pig iron in the blast furnace process. Nowadays in the sinter production are increasingly 

present in up to 100% of the stock concentrates of iron ores, mainly magnetite ores [1,4]. In Poland, iron 

metallurgy is fully based on imported iron ores. 

Poland has rich deposits of magnetite ores containing also titanium and vanadium. In 1980-2000, in Poland, 

several research centers carried out research on the possibility of future use of these ores in metallurgy, mainly 

for vanadium and iron recovery. The main purpose of these studies was to develop recovery methods for these 

vanadium and iron ores. 

2. THE ORE DEPOSITS OF TITANIUM - VANADIUM - MAGNESITE IN POLAND  

Poland has rich deposits of complex ores, ilmenitic - magnetite containing also compounds of titanium and 

vanadium. In Poland, titanium-vanadium-magnetite ore deposits are located in the north-eastern region of 

Poland, not far from the city of Suwałki. The resources and average content of useful components of this 
deposit are presented in Table 1. 

These ores belong to the type of complex ores, are located at a depth of 600 to 2000 m. They are mainly 

lenticular deposits up to 3 km long and up to 500 m thick, lying relative to the ground plane at an angle  

of 45 ° C on average. From the point of view of origin, these deposits should be included in the Baltic basin 

deposits. Inventories of these ore are estimated at around 1 billion tons [7].  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1943 

Table 1 Resources and average content of useful ingredients [1,4]  

Types 

ore 

Resources 

in million tons 

Fe 

% 

TiO2 

% 

V2O5 

% 

balance ores 957.2 27.8 7.4 0.27 

off-balance ores 365.3 17.1 5.3 0.17 

The main phase of this ore is Fe3O4 magnetite, FeTiO3 ilmenite and Fe2TiO. Studies have confirmed the small 

presence of solid hematite-ilmenite solutions. Some presence of gersenite mineral (Fe, Mg) Al2 O3 was also 

found in some ilmenite seeds. Magnetite in these ores occurs in grains up to a few millimeters and is distributed 

unevenly [2,3]. 

Vanadium in this ore occurs in the form of an isomorphic admixture in magnetite and it is relatively uniformly 

distributed throughout the entire volume of this oxide. Sulphides in ore occur mainly in the form of pyrrhotite, 

to a small extent also in the form of chalcopyrite and pyrite. Research on the use of Polish iron-containing 

titanium and vanadium ores in Polish metallurgy was carried out in several research centers (IMŻ Gliwice, 

AGH Kraków, Częstochowa University of Technology). A particularly large range of studies regarding the 

sintering process of mixtures containing vanadium - titanium - magnetite concentrates was carried out at the 

Częstochowa University of Technology. This is related to the strategic meaning of vanadium contained in this 

ore [4-7]. 

The results of research on the use of Polish ores containing iron, titanium and vanadium have been presented 

in over a dozen unpublished works and a dozen or so articles published in both Polish and foreign scientific 

journals [4-7]. 

Full, detailed results of these studies are presented in the monograph of the author R. Budzik [7]. Such 

research led to the determination of the technology of the future use of Polish ores with the content of iron, 

titanium and vanadium in the Polish iron metallurgy. 

3. ENRICHMENT OF POLISH COMPLEX ORE 

Polish complex ores containing titanium, vanadium, due to the low content of iron in them can not be directly 

applied to metallurgical processes. Therefore, they must be subjected to magnetic seperation and flotation. In 

Poland, in the Institute of Metallurgy, in Gliwice, it was found that the basic mineral useful in this ore is 

magnetite, ilmenite, and vanadium elements, titanium, cobalt and copper [7]. 

At the Institute of Ferrous Metallurgy, based on in-depth studies, a scheme of mechanical processing of Polish 

complex ores was developed in the form of: 

• initial crushing to grain size of 15 mm with magnetic seperation of lump ore, with separation of gangue 
destined for construction aggregate, 

• crushing and wet grinding to a grain size of less than 0.25 mm, 

•  flotation of ore sulfides to obtain a sulphide product containing valuable alloying elements, 

• seperation in a high magnetic field to obtain a magnetite concentrate [3]. 

It was found that as a result of applied magnetic separation, magnetite concentrate contains from 63 to 65% 

Fe, 3.3, to 3.4% TiO2, 0.43 to 0.44% V, 1.0 to 2.0% SiO2 and 0.1 to 0.3% S. Content above 0.40% V in the 

concentrate, allows the extraction of this element from vanadium - titanium - magnetite ore by using a pyro 

hydrometallurgical process or a purely metallurgical process. The pyro hydrometallurgical process of vanadium 

extraction is very disruptive due to environmental criteria. Vanadium extraction can also be carried out by 

producing vanadium, which is subjected to oxidation in an oxygen converter to obtain vanadium slag from 

which vanadium is isolated. 
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4. THE ORE DEPOSITS OF TITANIUM - VANADIUM - MAGNESITE IN POLAND  

Currently, in the world the production of pig iron is based almost entirely on the stock consisting of sintered or 

clumped, formed from hematite ores and magnetite concentrates, in which titanium and vanadium is a small 

admixture, amounting to an average of hundredths of a percent. In two countries, in Russia and Finland, is 

used in a small extent for the production of pig iron, vanadium -titanium - magnetite concentrates, only due to 

the production of vanadium. Vanadium from Polish complex ores can be obtained in two ways [4]: 

• through the so-called pyro-hydrometallurgical process, 

• through a purely metallurgical process. 

The first method presented by the IMŻ in Gliwice consists in: 

• pelleting vanadium - titanium - magnetite concentrate containing vanadium with the corresponding 
addition of sodium salts, most commonly sodium carbonate Na2CO3, 

• oxidation at the temperature of approx. 1350°C microtubes resulting from pelletization, 

• leaching of oxidised microclusts in an ammonium sulphate solution (NH4)2SO4 in temperature 80 do 

90°C where polyvinyladian sodium (NH4)2V6O16 is formed, which, when properly heated, decomposes 

and forms vanadium oxide V2O5 from which pure vanadium is obtained [3]. 

The pyro-hydrometallurgical treatment allowed to recover about 83% of the vanadium contained in the 

concentrate. This way of obtaining vanadium has many opponents taking into account the protection of the 

natural environment. In the case of Polish conditions, it would be necessary to construct expensive facilities 

and equipment that would meet very high criteria for environmental protection. 

The second method of vanadium production presented by the Częstochowa University of Technology consists 

in: 

• obtaining pig-iron with content of vanadium, 

• the use of such pig iron as the feed to the converter process, 

• obtaining a converter slag containing vanadium in the form V2O5 and extraction of vanadium from slag 

[7]. 

It follows from the above considerations that the charge for the blast furnace process may be sintered with 

iron, titanium and vanadium.  

5. RESEARCH AND PERSPECTIVE OBTAINING VANADIUM FROM POLISH COMPLEX ORES 
BY METALLURGIC METHOD  

Vanadium from complex ores containing vanadium compounds is produced in only a few countries around the 

world [7]. The mineralogical specificity of such ore is so complicated that in each case, its own methods of 

obtaining this element are elaborated. From the point of view of the current technical and technological 

conditions, a more promising way of developing Polish complex ores to obtain vanadium will be their use in a 
purely metallurgical variant, where sintered iron, vanadium and titanium could be used as a basic charge in 

metallurgical processes to obtain vanadium-containing slag, and then by extraction from this vanadium slag. 

The use of such complex ore processing method in the future seems to be much more reasonable and 

acceptable. Comprehensive research on the use of Polish complex ores in metallurgy was carried out at the 

Częstochowa University of Technology [4-7]. 

The results obtained from these studies were presented in over a dozen reports on scientific papers and 

scientific articles in both Polish and foreign magazines. The main objective of the sintering process of blends 

with various concentrations of vanadium - titanum - magnetite concentrate and their various basicities was to 

determine the basic metallurgical properties such as: strength, breakability, reductionability and softening 
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range. An important goal of this research was to investigate processes affecting the final phase and 

mineralogical composition of sinters, mainly in relation to vanadium and titanium minerals.  

To this purpose, a comprehensive study was carried out, taking into account the full share of 0 to 100%, 

complex ore concentrates in ore mixtures in the field of CaO/SiO2 from 0,1 to 4,0. 

On average, Polish concentrates contain about 0.44% vanadium. With such vanadium content, its production 

is likely to be profitable in the future. 

The results of laboratory tests regarding the use of concentrates from polish complex ores in the sintering 

process have been confirmed in the industrial sintering test [4,7], and the use of the sinter obtained in the 

industrial test of pig iron production. 

In the industrial test was entered into the blast furnance charge alkaline iron titanium sinter in the amount of 

200 kg / Mg pig iron [4]. Technological parameteres obtained in this test were not worse than the production 

parameters of a blast furnace working on a charge consisting of 100% of a self-melt sinter including 

concentrates of ores without increased amount of titanium and vanadium. 

The research determined the effect of alkalinity, CaO/SiO2 and the proportion of concentrate on some basic 

metallurgical properties of the sinter, such as: strength, breakability, yield, reductionability, softening range, 

chemical composition, mineralogical composition. 

The scope of the research included sintering of mixtures containing various proportions (100%, 60% and 20%) 

of concentrates of complex ores in an ore mix of basicity CaO/SiO2 equal to 0.1; 1.0; 2.0; 3.0 and 4.0. 

The composition of sinter mixtures included, in addition to the vanadium- titanium- magnetite concentrate, also 

hematite ore, limestone and fly-ash. 

Attempts to sinter mixtures with alkalinity of 0.1; 2.0; 3.0; 4.0; 8.0 and 100%, 60% and 20% concentrate allowed 

to determine the influence of these factors on the metallurgical properties of the sinter. 

One of the most important criteria for assessing the suitability of sinters for the blast furnace process is the 

indicator of their strength and breakability. 

The previous dozen-year study on determining the strength properties of sinters used in Poland, allowed to 

determine the minimum range of strength values. The minimum of this range is 65%, while for crumbling the 

maximum is 40%. Based on the test results, it should be noted that the average indexes of about 65% were 

characterized by sinters made from blends containing 60% and 20% concentrate in the entire range of 

CaO/SiO2 basicity from 1.0 to 4.0. The data show that the reduction of fractions changes with increasing 

alkalinity, CaO/SiO2. For sinters containing 60% and 20% concentrate, the highest reductivity of 69 to 75% 

was obtained for sinters with CaO/SiO2 basicity from 1.0 to 3.0. One of the basic conditions for the efficiency 

of sinter strands is the use of mixtures with optimum breathability affecting sintering time and linear sintering 

speed. The data show that for each sintering series the speed increases with increasing CaO/SiO2. The lowest 

sintering speeds of 17.9 to 20.3 mm / min were obtained by sintering mixtures without the addition of limestone, 

the highest being 32.7 to 34.1 mm / min with a basicity of CaO/SiO2 equal to 4.0. The sintering time of the 

blends did not differ from those obtained under industrial conditions. 

Tests in laboratory conditions, taking into account the criterion of sinter quality assessment, showed the 

possibility of introducing polymetallic polymer concentrates into sintering mixes up to 60%. An important result 

of this research was the presentation of the identification of the phase and mineralogical composition of the 

sinters obtained. 

The research included qualitative and quantitative analysis of the distribution of Fe, Ti, Al, Mg, Ca, Si and V 

elements in selected micro-areas of the tested sinter. 
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The creation of phases with calcium predominantly containing titanium and mainly the formation of crystalline 

elemental grains is explained in a scientific manner. 

The results of laboratory tests of the sintering process were verified in industrial conditions and presented in 

domestic and foreign magazines [4-7]. A 12-day industrial test carried out in industrial conditions confirmed 

the possibility of sinter production, and what is very important confirmed the possibility of introducing such 

sinters for the production of pig iron with an increased content of titanium. 

The use of sinter containing complex ore for the production of pig iron in industrial conditions in the blast 

furnace process did not cause negative results, on the contrary, better production rates were obtained during 

the industrial test compared to the production of pig iron from the sinter feed containing no complex ore. 

6. THE FUTURE LOGISTIC ASPECT OF THE USE OF POLISH COMPLEX ORES FOR VANADIUM 
PRODUCTION  

In the future, Polish complex ores containing vanadium, titanium and iron may be developed using two pyro-

metallurgical and pure metallurgical pathways. The adoption of one or the other method will entail the 

construction of many plants ranging from the construction of an ore mining mine to the final plant of vanadium 

extraction from the vanadium pentoxide extraction ( V2O5 ). 

The logistics aspect in the application of the pyro-hydrometallurgical method would be as follows: 

• mine construction, 

• construction of a magnetic separation plant to obtain a magnetite concentrate, 

• construction of a concentrating pellet plant, 

• construction of a leaching plant for oxidized microtubes, 

• construction of vanadium extraction plant. 

The simplified logistic aspect of vanadium production would be: 

• mine construction, 

• construction of a magnetic separation plant to obtain a magnetite concentrate, 

• production of sinter containing concentrate in existing ironworks in Poland, 

• production of pig iron containing vanadium in existing ironworks in Poland, 

• vanadium production by extraction of V2O5 from slag. 

Considering these two ways, it is more likely to use a vanadium method of pure metallurgy. In this case, it is 

only necessary to build a mine, a magnetite plant and a vanadium extraction plant from slag. 

The first pyro-hydrometallurgical method should be rejected due to the construction of many plants, as well as 

due to environmental protection. 

7. CONCLUSION   

Research on the application of Polish complex ores containing vanadium and titanium in Polish metallurgy 

was carried out in several research centers in the country (IMŻ Gliwice, AGH Cracow, Częstochowa University 

of Technology). A particularly large range of research on the sintering process of mixtures containing 

concentrates of titanomagnetite was carried out at the Częstochowa University of Technology. 

The results of research on the use of polish complex ores have been presented in over a dozen unpublished 

works and over a dozen articles published in both Polish and foreign scientific journals. 

Such research led to the determination of technology for the use of Polish polymetallic ores in iron metallurgy. 
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Presentation of the results of both published and unpublished studies may limit in the future, and perhaps 

eliminate in the future, tedious and expensive research, which will be helpful before the decision to build Polish 

mines of Polish complex ores containing vanadium and titanium. 

It seems that the subject of Suwałki ore, due to its uniqueness, he will soon return to the evaluation of 

practitioners and scientists. 
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Abstract 

The paper deals with the practical application of the multi stage costing in the foundry. The emphasis in the 

practical part of the paper is on the calculation method, the definition of basic links and procedures. Multi-stage 

costing often to help to uncover the costs, that impossible cover by traditional calculation methods therefore it 

is currently applied in many Foundry. Bases of this calculation method are the budgets of individual workplaces 

and centers. Due to the versatility of this calculation method, other possible approaches and the use of multi 

stage costing are suggested. The goal of this paper is to show different possibilities of application this method. 

Keywords: Calculation method, optimum capacity, cost, opportunity cost, cost drivers 

1. INTRODUCTION 

The calculation, in general meaning, is one of several effective cost management tools in an enterprise. 

Without exaggeration, it is a principle which used by every person in life. This is much important for a correctly 

functioning business that strives to achieve strategic goals, be it maximizing profits, expanding the portfolio, 

improving product quality, new acquisitions, or other key steps. 

This cost management tool is becoming increasingly important, especially in the current very turbulent 

economic environment, characterized by shorter product and service life cycles, shorter supply cycles and, 

above all, considerable fluctuations in capacity utilization [1]. Every enterprise and all their processes are a 

"living organism" that is constantly evolving and changing, in the same way his management tools. That's why 

the enterprise's calculations go through development and try to pinpoint as much as possible causality, uncover 

deficiencies, unused capacities, wastage costs, and find how effective being used costs in the enterprise. 

At present, the most up-to-date the most modern methods of calculation such as Activity Based Budgeting or 

Activity Based Costing and others are increasingly highlighted. Nevertheless, more traditional methods of 

calculation, such as Variable Costing, are still being used in some industries. One of the ways of using the 

above method will be discussed later in this article. 

2. MULTI STAGE OF VARIABLE COSTING 

Multi-stage calculations in different forms are based on a standard Variable Costing. Sometimes Variable 

Costing are referred to as a Calculation of Contribution Margin. Basis of this calculation is to assign variable 

costs to individual products, services, or processes. All fixed costs are considered to the cost of the period and 

de facto are not related to output and must be paid out of the total margin. When using Variable Costing in 

different grades, by type and consumption of fixed costs, we can better define their effective use and 

maximizing profit. The primary prerequisite for implementation this calculation to any variation is the separate 

tracking of variable and fixed costs and the use of a tool that would allow the management of free capacities 

and maximize profits [2]. 
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In practice, we often encounter a so-called multi-stage variation of Variable Costing. It is in cases, where fixed 

costs groups are causally related to different organizational parts. We assign fixed costs in several layers 

based on certain relationships to the objects, such as enterprises departments. 

2.1. Practical procedure for implementation a multi stage of Variable Costing 

The Variable Costing eliminates the negative impact of the full fixed cost allocation and considers them to be 

the costs related to the operation of the entire enterprise. Primary differentiation of variable and fixed costs is 

even further in this calculation and can also distinguish overheads, as can be seen from the illustration the 
Table 1 [3]. 

Table 1 Comparison of traditional calculation with Variable Costing 

 

The basic process of multi stage of Variable Costing have the three basic stages [2]: 

• In the first stage, all costs directly entering the engagement or performance process are placed. In 
practice, it is often direct cost of production as a direct material, machine energy usage, direct wages 

and other costs that are related to a defined process. 

• In the second stage, the costs of specialized service activities are closely related to the first stage 

processes. These can be machine maintenance and repair, product preparation, quality control, etc. 

• In the last-third stage - the costs of general servicing activities are included. In the vast majority cases, 
these costs are used by all departments of the enterprise - administrative overhead, IT services, 

management activities, etc.  

Because Variable Costing do not use fixed costs as an inseparable whole, we are able to assign part of the 

fixed costs to the specific segment according to certain relationships. In practice, each enterprise generates a 

series of layers, de facto a few Contributions Margin, according to their needs and the practical use of this 

information. 

The following practical part of the contribution will define the stratification of part of the costs of the unnamed 

foundry and will present the way of calculating these costs for main processes. In addition, will be the 

advantages and disadvantages of this type of calculation for the foundry briefly analyzed. 

3. CREATION OF MULTI STAGE CALCULATION IN A FOUNDRY 

For the practical processing of the model example of a multi stage of Variable Costing, these input data of the 

individual foundries workplace are used. The sample data was selected for easier presentation of the 

procedure. It is a steel foundry that in Pouring shop uses electric arc furnaces and electric induction furnaces 

at the melting plant. Furan blends are consumed in the Molding as a direct material. The Molding uses manual 

Variable costs Contribution Margin

Price

Overhead costs

Direct costs

Profit

Gross Margin

Direct costs Variable overhead Fixed overhead Profit
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and machine processing, and this part of the operation also includes Core-shop. The Pattern shop is not part 
of the workshop and the models are outsourced. Table 2 below shows that different workplaces consume 

different volumes of individual types of variable and fixed costs and also in a different ratio. For example, the 

workplace the Pouring shop have consumptions the largest volume of direct material. High costs values are 

too the energy consumption and the depreciation of assets of this workplace. By contrast, depreciation in the 

Molding has higher value than energy consumption. There is due to the technologies and machines that are 
equipped with this workplace. The data in the Table 2 are given in thousands CZK per calendar month. 

Table 2 Consumption costs of foundry (in thous. CZK) 

 

The Table 3 shows the sales volume for the same period as the costs in the Table 2, figures are in thousands 

CZK. The range of products has been differentiated according to the weight of individual castings into 3 basic 

groups. With this resolution we will continue to count in creating layers of the calculation. 

Table 3 Sales volume (in thous. CZK) 

 

Differentiation of fixed and variable consumption cost data is essential for further work with them in Variable 

Costing. It should be taken into consideration, for example, that energy consumption is both variable and fixed. 

Energy consumption of production lines and machines is a variable costing, and energy consumption in offices 

or common spaces is a fixed cost. Another parameter for distinguishing layers of stages of calculation is the 

definition of direct costs. These are costs that are directly attributable to a given performance without any 

further differentiation. These are the starting points for creating the calculations. 

3.1. Multi stage calculation the whole enterprise 

Multi stage of Variable Costing can has different uses, most often it is the basis for pricing or calculation costs. 

This article shows only how to create and use a multi stage of Variable Costing. In the illustrative examples 

will be presented with a multi stage calculation of the whole enterprise and the costly most demanding the 
workplace of the foundry - the Pouring shop. Based on the data presented in Tables 2 and 3, we will create in 

first the first stage - the Contribution Margin 1, that we will assign only the direct costs to the total volume of 

production. So direct material and direct - variable portion of energy consumption. Some enterprises are 

already working with this level Contribution Margin when monitoring specific key performance metrics. 

However, overhead variable costs, which in this example are represented by a variable part of wage costs, 

overhead material, repairs and maintenance and depreciation of specific machines and technologies, may be 

F V F V F V F V F V F V

Direct material 2,000 3,000 800 100 100 6,000 6,000

Direct wages 1,200 100 800 90 1,500 500 600 60 1,000 100 5,100 850 5,950

Direct energy 100 800 1,000 2,000 300 500 700 1,000 300 1,000 2,400 5,300 7,700

Operation material 100 300 500 300 100 200 300 1,000 300 200 1,300 2,000 3,300

Repairs, maintenance 50 100 100 500 50 100 100 1,000 50 50 350 1,750 2,100

Depreciation 100 1,200 100 2,000 300 500 300 1,000 300 500 1,100 5,200 6,300

Total costs 1,550 4,500 2,500 7,890 2,250 2,600 2,000 4,160 1,950 1,950 10,250 21,100 31,350

Cots

Foundry shop Cleaning shop
TOTAL 
costs

Molding Pouring shop Cleaning Heat Treatment Machining

Production process 
in total

8,250

16,500

30,250

55,000

large casting (> 1.000 kg)

TOTAL

Sales volume (in thous. CZK)

small casting (< 100 kg)

middle casting (> 100 kg < 1.000 kg)
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assigned to also the first stage. In this article, these variable parts of overhead costs constitute of a separate 

level of Contribution Margin 2. The next stage is formed the overhead costs of production centers. The last 

stage is the general fixed costs of other enterprise centers, such as quality control, technology, purchasing 

and administration. These it forms a separate part because they are not directly related to performance. 
Processed calculations according to the above criteria are shown in Table 4. When making this calculation in 

a foundry operation, other aspects of this specific activity would have to be taken into consideration, such as 

defective products, material losses and others. 

Table 4 Multi stage calculation of the foundry (in thous. CZK) 

 

The above-mentioned the multi stage of Variable Costing allows us to track several indicators used in 

operational cost management. One is gross margin, which is de facto the difference between the price of 

performance and its direct costs [4]. This indicator shows how many percent of each sales crown represents 

a contribution to cover fixed costs and profits. It is up to each enterprise at which level or stage of calculation 

to record direct costs. Another advantage of this enterprise-level calculation is simple, separate tracking of 

variable and fixed costs over in a short period of time, making it an effective basis for managerial decisions 

based on existing capacity. 

The Multi stage of Variable Costing can also be an important management tool in foundry enterprises also in 

pricing decisions, as mentioned earlier. In situations where the capacity of the business exceeds customer 

demand, there is a problem of unused fixed costs, which, by using more traditional methods of calculation, 

could be more expensive cost for the enterprise. If applying the multi stage calculation correctly, the manager 

is able determine the level at which it is possible to lower the price under the given circumstances to fill 

capacities or take other operational decisions. In the short term, in some cases, the price may be reduced to 

the variable cost level because any positive cover contribution is better than unused capacity at this time, 

which will not contribute to the fixed costs. Another use of this calculation in a foundry enterprise can be the 

decision making and the determination of an optimal assortment of production. Thanks to this calculation 

method, it is also possible to analyze the products that the foundry decided to produce for certain strategic 

55,000

Direct material 6,000

Energy consumption - directly 5,300

Total variable costs - directly 11,300

CONTRIBUTION MARGIN 1 43,700

Direct wages 850

Operation material 2,000 It can be merged into one 

Repairs and Maintenance 1,750 Contribution Margin

Depreciation 5,200

Variable overhead costs - total 9,800

CONTRIBUTION MARGIN 2 33,900

Direct wages 5,100

Energy consumption - fixed 2,400

Operation material 1,300

Repairs and Maintenance 350

Depreciation 1,100

Fixed overhead costs - total 10,250

CONTRIBUTION MARGIN 3 23,650

General fixed costs 17,600

6,050

V
A
R
I
A
B
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D

SALES VOLUME

PROFIT
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reasons, even though the profitability of their production is at the expense of producing other products. This 
phenomenon is illustrated in Table 5, where it is clear, that small castings defined by its weight of up to 100 

kg can consume disproportionately much more direct material and energy than large castings. The Pouring 

shop section is the most demanding section of the foundry. When creating a multi stage calculation of Variable 

Costing for this segment, it has been found that small castings have positive values in all the Contributions 

Margin for a given segment. But the Contribution Margin 3 contribute to general fixed costs and profit only 

marginally and ultimately negative values. 

Table 5 Multi stage of Variable Costing of Pouring shop (in thous. CZK) 

 

4. CONCLUSION 

In conducted study in the foundry has shown that a multi stage of Variable Costing brings a number of positive 

effects. In particular, it provides high quality information to address a variety of decision-making tasks, allows 

for quicker orientation in assortment performance, pricing change considerations, etc. This method eliminates 

inaccurate fixed cost allocation to performance, typical of absorption calculations. Practice in many enterprises 

shows that it is a good management tool in a short period when of fluctuations in prices and volume of 

production. It simplifies managers' decision-making on issues of reaction to the incompleteness of production 

capacities, overcapacity of production capacities, but also when setting a minimum selling price. 

Certain pitfalls of a multi stage of Variable Costing stem from the very nature of differentiation between variable 

and fixed costs. At differently long periods, the costs behave differently and often change. Costs that are 

2,734 5,468 10,025 18,227

Direct material 850 900 1,250 3,000

Energy consumption - directly 300 600 1,100 2,000

Total variable costs - directly 1,150 1,500 2,350 5,000

CONTRIBUTION MARGIN 1 1,584 3,968 7,675 13,227

Direct wages 13 27 50 90

Operation material 165 90 45 300

Repairs and Maintenance 75 150 275 500

Depreciation 300 600 1,100 2,000

Variable overhead costs - total 553 867 1,470 2,890

CONTRIBUTION MARGIN 2 1,031 3,101 6,205 10,337

Direct wages 120 240 440 800

Energy consumption - fixed 150 300 550 1,000

Operation material 75 150 275 500

Repairs and Maintenance 15 30 55 100

Depreciation 15 30 55 100

Fixed overhead costs - total 375 750 1,375 2,500

CONTRIBUTION MARGIN 3 656 2,351 4,830 7,837

General fixed costs 875 1,750 3,208 5,833

-219 601 1,622 2,004PROFIT

Small castings 
(<  100 kg)

Middle castings 
(> 100 kg < 1 000 

kg)

Large castings 
(>  1 000 kg)

Total sales 
share

SALES VOLUME

POURING SHOP                                         
(in thous. CZK)
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variable over a longer period may have a fixed character in the short period, and vice versa. It is therefore 

necessary to take into consideration the time aspect when applying this tool.  

The deficiency of this calculation method is the fact that it is unable to accurately quantify the cost of a specific 

output performance or product. It does not provide information about the structure and causes of fixed cost 

consumption. It depends, however, on what decision-making tasks the manager wants to use this method. 

Therefore, it is appropriate to use the Multi stage of Variable Costing in parallel with other appropriate 

calculation procedures. 
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Abstract 

The aim of the contribution is to point out the possibilities of using computer simulation for the needs of more 

effective metallurgical production. Like many other tools and methods, logistics also greatly contributes to 

maintaining the company's competitiveness and resilience to external factors such as the crisis, inflation, falling 

demand, and so on. One of the key methods for maintaining balance is material planning. The term “material 

flow” represents an organized movement of material in the manufacturing process or product circulation. It is 

characterized by the direction, intensity, frequency, length and performance, structure, character of transported 

material and transporting and handling equipment used. The most significant group, which, at the same time, 

forms the most relevant part of the material flow are raw and other materials and corporate work in progress 

and finished products. All the types of working objects are used throughout enterprises in certain amounts, 

internal structure, direction and with certain frequency. For a better imagination of the production process of 

fireclay bricks, a simulation model for the production of fireclay bricks was developed in Tecnomatix Plant 

Simulation. As a basis for creating simulation served the model of the manufacturing process production of 

fireclay bricks. Due to the high production capacities of the production process, it has been found that for the 

efficient production of a limited quantity and especially the firing of the building, a narrow place of the entire 

production process of the fireclay is the mill. 

Keywords: Simulation, model, material flow, production, fireclay bricks 

1. INTRODUCTION 

The process simulation models are very efficient tools for detecting the bottlenecks in the process course and 

for improving the process parameters. Neither costs nor negative impacts are connected with interfering in a 

simulation model of a production line, unlike to interfering in the operation of this line. To develop the proper 

simulation model, both theoretical knowledge (technique of simulation, specific simulation systems) and 

practical experience (description of the system, its elements and their mutual interactions and links) are 

necessary [1]. The course of the simulation is to be monitored in every phase. It is possible to determine 

impacts on total function of the system from the changes that occur at the output of the simulation model. A 
need for simulation models is based therefore on an opportunity for experimentation with a system without 

interfering in the real one. The model allows an engineer to try a number of process variants, to find the 

optimum process conditions and to design new process routes without any need for additional investment. The 

respective changes may have a significant impact on profitability of the production, market position of the 

company and satisfaction of its customers [1]. Simulation has a lot of applications in various branches. 

Simulation of systems allows to experiment within virtual objects (some of them do not exist at all). The 

simulation can provide answers to a lot of important questions as for example: “How will the system behave 

after introduction of some changes? Where are the bottlenecks in the system?” [2]. The term “material flow” 

represents an organized movement of material in the manufacturing process or product circulation. It is 

characterized by the direction, intensity, frequency, length and performance, structure, character of transported 

material and transporting and handling equipment used [1]. It includes the entire material movement starting 
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with its supply to the plant through all the phases of storage, production and transportation process and ending 

with their dispatch or with warehouses of business organizations [1].  

2. METHODS 

2.1. The process analysis of production of fireclay bricks 

The company manufactures its products on the basis of an order from the customer, PULL system. Depending 

on the assortment, the production cycles for the production of fiberglass are 1 - 2 weeks and for the production 

of the building 3 - 4 weeks. There is also an exception when it is produced by the PUSH system, ie in the 

warehouse, especially in the winter, when it is considered to be a higher requirement for an additional 

assortment, building fireclay, which serves for the lining of fireplaces, chimneys, etc., which is more demanding 
during this season. The paper deals with the manufacturing process shown in Figure 1. In addition to burnt 

production, the enterprise also deals with other types of production, which are represented in the model of the 

entire production process of the plant [3]. 

 

Figure 1 Formalized scheme of the company's production activity [3] 

For a better imagination of the production process of fireclay bricks, a simulation model for the production of 

fireclay bricks was developed in Tecnomatix Plant Simulation. As a basis for the creation of the simulation, the 
model of the production process was used by the chamotary (see Figure 2). First, a basic model consisting of 

individual input raw materials, containers, equipment, transport routes and tunnel cars [3]. 

 
Figure 2 Model of the production process of ordinary fireclay [3] 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1956 

For the production of the required products it is necessary that the feedstock is delivered to the raw materials 

store and then stored in the storage bins. After storage, it is necessary to have the individual feedstocks 

adjusted to the required moisture (clay) and the required fraction (grain thickness) [3,4]. The modification of 

the moisture content of the clay is carried out in the speed kiln of the clay and the treatment of the fraction of 

the grains takes place in the individual mills. After this treatment, the raw materials are transferred to a mixer, 

which mixes the feedstocks into the desired mixture [5,7]. After checking the quality of the mixture, the mixture 

is transported to the press where it is formed into the desired shape, using suitable molds and presses. [3,6]. 

After molding, the bricks are deposited on a tunnel wagon, through which the moldings are driven into the 

tunnel heater, where they are dried to the exact required residual moisture. After drying, the tunnels are pushed 

into the tunnel furnace, where the firing itself builds. After drying and burning, finished products are produced. 

These products are transported to the intermediate storage where quality is checked. If the quality of products 

meets the standards, the goods are stored in the warehouse of finished products prepared for dispatch to the 

consumer [3,6]. Due to the high production capacities of the process of fireclay bricks manufacturing, it has 

been found that for the efficient production of a limited quantity and especially the firing of the building, a narrow 

place of the entire production process of the fireclay is the mill. To produce 5 tons of the mixture, which 

corresponds to the capacity of the blender per hour, 3 tons of cake and 2 tons of clay are required for the 

production of common chamotte. The capacities of equipment for the production of this product are balanced 

up to the press, where the capacity for the original mold is 61.6 % smaller than for other devices. Subsequently, 

a simulation model was created, consisting of individual input raw materials, containers, equipment, transport 

routes and tunnels (see Figure 3) [3,5,7]. 

3. RESULTS  

The simulation model is defined by a specific sequence of modeling blocks connected by lines representing 

the processing flow directions. The block position, icon and name, the connector blocks, the links as well as 

the user interface dialogues with operands and flows are the main properties of individual blocks. The blocks 

themselves represent individual processes or subsystems thus creating the actual representation of the real 

life system under examination [1,7]: 

• Input of raw materials - Raw materials are delivered to the factory in wagons, especially bulk materials 

or automotive - packaged materials. Devices that serve to secure the delivery of raw materials to the 

raw material store: conveyor belts, gantry cranes, harrows, sliding feeder, belt conveyor, belt conveyor, 

reverse belt conveyor [3,8]. 

• Storage of raw materials - Loose raw materials are stored separately in the unloading area of the 

wagons and in the raw material depot. Packaged raw materials are stored on pallets in a separate 

warehouse. Raw material storage - concrete containers where individual bulk feedstocks are stored in 

labelled containers [9,10,11,12,13]. The capacity of the trays is 14,666 m3 [3]. 

• Treatment of raw materials - milling - The input grain materials are treated in individual plants by 

grinding and sorting according to the required technological requirements and quality standards. The 

stones are dried in the RS-8 speed dial and ground by grinding and sorting. In the production of 

refractory materials, a binder is used, which is treated in the RS-8 quick wand to the desired residual 

moisture. Clay is sprinkled crane into the slicer clays from there through the belt to separate-flash, 

together with the flue gas, shafts and blades is moved further into the drying chamber, where it is dried. 

From the speed bobbin, the chain elevator is conveyed by sliding into the buffers [3,14,15]. See 

Figure 3.  
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Figure 3 Simulation model of fireclay bricks production [3] 

For the production of the required products it is necessary that the feedstock is delivered to the raw materials 
store and then stored in the storage bins. See Figure 4 [3,17]. 

 
Figure 4 Input of basic raw materials from storage to production [3] 

  

Figure 5 Drying of clay in a quick wrench [3] Figure 6 Modification of grain fractions in individual 

mills [3] 
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After storage, it is necessary to have the individual feedstocks adjusted to the required moisture (clay) and the 

required fraction (grain thickness). The modification of the moisture content of the clay is carried out in the clay 
worm (see Figure 5) and the grain fraction is processed in individual mills (see Figure 6) [3]. 

After this treatment, the raw materials are transferred to the mixer, which mixes the feedstocks into the desired 
mixture (see Figure 7) [3]. After checking the quality of the mixture, the mixture is transferred to the molding 

mill where it is molded into the desired shape using suitable molds and presses (see Figure 8) [3]. 

 
 

Figure 7 Mixing feedstocks in the mixer [3] Figure 8 Compression of mixture [3] 

After being pressed, the bricks are deposited on the tunnel wagon (see Figure 9), through which the moldings 

are driven into the tunnel heater, where they are dried to the exact required residual moisture (see Figure 10) 

[3]. 

  

Figure 9 Tunnel car [3] Figure 10 The laden tunnel carriage passes through 

the tunnel heater [3] 

After drying, the tunnel cars are pushed into the tunnel furnace, where the firing itself (see Figure 11) takes 

place. After drying and burning, finished products are produced [3]. 

  

Figure 11 Burning of moldings in a tunnel furnace 

[3] 

Figure 12 Unloading products from tunnel cars into 

finished goods warehouse [3] 

These products are transported to the intermediate storage where quality is checked. If the quality of the 
products meets the standards, the goods are stored in the warehouse of finished products (see Figure 12) 

ready for shipment to the consumer [3]. 
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4. CONCLUSION 

The aim of the contribution was to point out the possibilities of using computer simulation for the needs of more 

effective metallurgical production. Like many other tools and methods, logistics also greatly contributes to 

maintaining the company's competitiveness and resilience to external factors such as the crisis, inflation, falling 

demand, and so on. After a thorough analysis of the process of fireclay bricks manufacturing, it has been found 

that this process can work more efficiently. Therefore, a number of measures have been proposed to reduce 

production costs, accelerate production, or lead to an increase in the technological level of the workplace 

[3,15]: 

• Introducing multi-hole forms. Multi-mold forms would increase the production capacity of the mill, which 

would lead to an acceleration of the entire production process of the sham boiler. The design solves the 

introduction of a multi-bore mold at various positions and a change of the pressing surface when the 

original pressing surface is changed to a smaller area using a different molding area [3,16]. 

• Robotization of the mill workstation. By installing the robot in the press room, the technological level of 
the workplace would be increased, the number of non-maneuvers caused by careless handling by the 

workers would be reduced, and the number of staff needed to operate the press would be reduced.  

Therefore, most of the proposed measures will be aimed at increasing efficiency in this section of the 

production process. Measures have been designed and worked to streamline the company's manufacturing 

process. The proposed measures serve to reduce production costs, speed up production and increase the 

technological level of the workplace. The benefit of the work was to point out that the company's production 

process can work more efficiently and with lower costs than before [3,17].  
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Abstract 

The contribution deals with model of operative scheduling of production on the facility for continuous casting 

of steels. Starting point for the increase of efficiency of complicated decision-making processes is the transfer 

to the decision-making based on the exact, scientific knowledge. Increase the exactivity means utilization of 

modeling and modern methods for problems solving. Modeling is basic methodological resource for solving of 

complicated problems, application of modern methods for realization of particular phases of model is then 

basic condition of the successful realization. Production scheduling at continuous casting of steel belongs to 

group of above mentioned problems. High emphasis is put on the efficiency of the processes with the 

compliance of the quality of products. It is necessary to search new innovative approaches with utilization of 

methods of artificial intelligence and knowledge management in this area, too. Model is compatible with 

INDUSTRY 4.0 concept when it utilizes genetic algorithm for establishing of the smelting plan. Proposed model 

is based on the model of crystallizer utilization and fatigue which use diagnostics. Utilization of the proposed 

model consists in the support of smelting planning in the sequences respectively campaigns. Proposed 

solution allows to find suitable combination of cumulative counts of smelts in the particular clusters after 

assignment of purposeful function, limiting conditions and residual life of crystallizer in the form of residual 

conicity change. Proposed model which is realized in MS Excel proposes to the user possible and effective 

variants of the scheduling of production in the next period according to the specified limited conditions. 

Keywords: Metallurgy, continuous casting, mold, control, operative planning, genetic algorithms  

1. INTRODUCTION 

One of the basic prerequisites for increasing the productivity of a continuous casting machine is to increase 

the number of castings cast in a single sequence. To achieve this goal, sufficient attention has to be paid to 

scheduling production and thus developing and implementing new automated production planning systems [1]. 

Current planning methods are mostly based on the "tapping times" that are determined on the basis of the 

technical state of the aggregates, the available time, the stock of batch materials, agreed oxygen, electricity, 

steel, etc. Subsequently, delivery times are calculated on the following technological aggregates and a casting 

sequence plan. From a logistical point of view [2], this is the so-called push principle (push = push, push) which 

aims to push the material as quickly as possible throughout the production chain. However, the real situation 

in the steelworks in terms of material flows is controlled by the so-called pull (drag) pulling principle, in which 

the material is "pulled" by the current causing the end-of-line chain to be pushed forward according to the plan 

commands. From the point of view of the real situation at the steelworks, this means that the flow of material 

is controlled by the needs of continuous casting technology, based on the state of wear of the crystallizer as 

one of the most important technological components and the arrangement of individual steel brands in the 

planned sequence. This is of importance in terms of maintaining the quality of continuously cast billets, but 

also in terms of minimizing so-called mixed areas. These areas result in the casting of the steel marks. Each 

brand varies with its composition, and for the efficiency of production, it is necessary to determine the 

appropriate sequence of brand casting as well as the number of castings cast in one sequence. Innovations 
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in continuous casting are the methods of artificial intelligence [3]. The paper aims in presenting an example of 

a model for supporting operative planning using genetic algorithms and fuzzy clustering realized in MS Excel. 

2. GUSTAFSON-KESSEL´S ALGORITHM  

During the change of the steel mark, successive casting takes place during continuous casting, which leads 

to the formation of steel which does not correspond to the previous brand or the casting brand. In order to 

minimize these differences, it is a convenient solution in clusters of steel grades to clusters, according to similar 

properties and chemical composition. And then inclusion in the melt sequence. 

In order to optimize the planning process, it is necessary to classify the steel marks using cluster analysis 

methods. There are several clustering methods for clustering [4,5]. In this work, fuzzy Gustafson-Kessel 

algorithm will be used for algorithmization of clustering. 

The Gustafson-Kessel´s algorithm is based on the extension of the standard fuzzy c-means algorithm by using 

the adaptive distance of the standard to detect clusters of different geometric shapes and orientations. The 

clusters in this method are ellipsoidal compared to the fuzzy c-means and are represented by a symmetrically 
positive definite Pi matrix. Sometimes this matrix is called the deformation matrix because it modulates the 

shape of the clusters, which have an ellipse in the two-dimensional space. To calculate Pi, the Si covariance 

matrix is used using the following equations (1-3) [6]. 

�� � ∑ C��,�GÁ∙�{��¬��\∙�{��¬��M��ç
∑ C��,�GÁM��ç

             (1) 

9� � �!�½�����çM ∙ ���D              (2) 

Where  

Pi - defined matrix 

Si - covariance matrix 

U(l) - affiliation matrix 

Vi
(l ) - the degree of relevance of the input data to the clusters found 

vi
(l) - centers of clusters 

N - number of data clusters. 

The restriction is defined for Pi 

!�½�9�� � ·                   (3) 

where 

ρ -the constant is given for each matrix. 

This determines the volume of clusters. The rotation of their driveshafts is determined by their own vectors of 

the Pi matrix and the magnitude of their half-axes corresponds to the powers of their own numbers of the Pi. 

One of the most difficult tasks in cluster analysis is to find a suitable number of clusters. The magnitude of the 

"fuzzification" in the solution can be measured by the Dunn's partition coefficient, which has the largest 

participation. The Dunn distribution coefficient is expressed by the equation (4). 

              (4) 
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The value of the coefficient lies in the range from 1/K to 1. For F(U) = 1/K, all participations are equal to 1/K. 

The value F(U) = 1 is valid for each object and the unit equals zero. The Dunne partition coefficient can also 

be normalized so that its value is changed from 0 (full fuzzy) to 1 (solid cluster) the standard version has the 

shape 

              (5) 

Another coefficient is Kaufman's partition coefficient 

            (6) 

and the coefficient occurs in the range from D(U) = 0 (solid clusters) to D(U) = 1- (1/K) (complete fuzzy). The 

standard version of this coefficient is shaped 

             (7) 

Both normalized coefficients Fc(U) and Dc(U) together provide a good indication of the optimal number of 

clusters. Integer K should be chosen so that Fc(U) will get small and Dc(U) large values [6]. 

   

Figure 1 The results of clustering [own] 

The results obtained are used for the simplified design of the plotting sequence algorithm (Figure 1). 

3. OPTIMIZATION OF PLANNING OF MELTING PROCESS SEQUENCES 

The efficiency of the entire optimization solution is decisively influenced by the quality of the purposeful 

function. The purposeful function in this case represents a deterministic model based on the analytical 
diagnosis [7] of the state of the crystallizer - on its wear (Figure 2). 
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For this purpose, the wear measurements were made during the technical life on the copper inserts of the 

circular mold, which have RFID tags for unambiguous identification, of system MKL 100/420 by 

DASFOS v. o. s. This system measures the circularity of the internal cross section of the crystalliser insert 

along its entire circumference and the height at 18 levels. 

The measured values were then related to the operating records relating to the parameters of the cast steels 

on the selected crystals. The present solution, in the form of a crystalliser insert wear model, using both 

conventional and nonconventional process modelling techniques, develops this issue with a new, 

comprehensive approach that includes support for predictive crystallization maintenance, which can also be 

used to optimize production scheduling of melt sequences on continuous casting [8-10]. 

 

Figure 2 Visualization of mold’s wear through entire service life [own] 

In this phase of the solution, a multidimensional linear regression model is tested 

dkfffff ∆=⋅+⋅+⋅+⋅+⋅+ 55443322110 ββββββ
           (8) 

Where 

f1 to f7 - the cumulative frequencies of cast marks in S1 to S7 

β1 to β7 - coefficients of significance of S1 to S7 aggregates for crystallization wear 

β0 - linear regression coefficient 

∆kd - change of average lower conicity of circular crystallizer of individual periods. 

By solving the obtained system of equations, the coefficients of significance of the aggregates S1 to S7 were 

obtained for the wear of the crystallizer. The resulting model has the following form: 

      (9) 

Where 

Δkd - change of lower relative conicity 

f1 to f7 - cumulative numbers of castings in clusters 1 to 7 in the specified period. 

dkffff

fff

∆=⋅+⋅+⋅−⋅−

+⋅−⋅+⋅−

7654

321

005276,0018815,0008246,0064704,0

000998,0010912,0019734,0
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The lower average relative conicity for a given time point is then determined by the relationship 

           (10) 

Where 

kd(t) - lower average relative conicity at time t 

kd(t-1) - lower average relative conicity at time t-1 

Δkd - change of the lower relative conicity in the time interval (t; t-1). 

The proposed Sequence Planning optimization algorithm was implemented in Microsoft Excel, using the Solver 

tool, which implements an evolution algorithm. The solution took place in the environment of MS Excel. The 

tool called “Solver” was utilized which has implemented evolutional algorithm. The screenshot of the Solver 
window is depicted on the Figure 3. 

The model was implemented in the Microsoft Excel 2010 environment. The reason for choosing this 

environment was the breadth of this table process, its possibilities, and the fact that the software is currently 

installed on a number of operating computers and working with it. 

 

Figure 3 Window of the Solver add-in [own] 

The target of the solution is to find suitable combination of cumulative frequency of casted marks in the clusters 

S1 to S7 which corresponds with required change of the bottom conicity and with entered limiting conditions.  

Process of the solving using the Solver add-in consist in addition of the cells’ addresses for target, of variable 

and of assignment of limiting conditions which define searching area and they can characterize some 

technological limitations in the production. 

ddd ktktk ∆−−= )1()(
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Example of the solution is depicted on the Figure 4. Only the searching area was defined and no technological 

restrictions were used. It is evident from the results shown in the columns J to T that the task has infinite 

number of solutions at the same input parameters. 

 

Figure 4 Sample data of operational production scheduling model [own] 

Example of the solution with the limiting conditions including the technological requirements respectively 
production requirements is shown on the Figure 5. User can exactly define quality composition which wants 

to produce as well as quantity.  

 

Figure 5 Sample data of operational production scheduling model [own] 

It is evident from the presented results that tool Solver with the evolutional method of solving allows to get 

results which can be utilized as support for production scheduling based on the reliability model of lifetime.  

Simplicity (programming and/or creation of rules’ base are not needed) and variability of solution which is given 

by the choice of limiting conditions are the advantages of the proposed method. 

Disadvantage of the proposed approach is that Solver does not have generator of solutions and therefore it 

provide only one solution in the single launch. It is necessary that user strictly and exactly must define 

requirements of the production in the form of limiting conditions.  

CONCLUSION 

Model of the operative scheduling of production with the utilization of the diagnostics in the period of the end 

of lifetime of crystallizer allows to fulfill the function of support for smelts planning in the sequences respectively 

in the campaigns when the proposed solution allows to get cumulative numbers of smelts in particular smelts 

which is possible to cast to the limiting state of crystallizer given by user without the influence at the production 

quality and at given limitations. Residual lifetime of the crystallizer in the form of residual change of the conicity 

must be given to the calculation. The fuzzy cluster analysis solution also gives the possibility of "joining" steel 
grades in different clusters, thereby minimizing the formation of mixed areas when casting different brands. 
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Abstract 

The paper describes the activity of a manufacturing plant, operating in the metal industry. The discussed 

business entity intends to expand its production scope by applying anti-corrosion coatings to metal 

components. The studies have been focused on economic aspects related to the implementation of a new 

department into the plant, risk analysis for the operating business entity and benefits arising from holding own 

department applying anti-corrosion coatings on metal components. The FMEA method employed in the studies 

has enabled defect detection in the planned processes and the analysis of factors that may affect the 

investment. The factors that have been taken into account are environmental effects, implementation methods, 

machines and equipment necessary for carrying out the investment as well as control measures. During the 

studies potential project defects and their effects, including class, causes and occurrences have been selected. 

In the paper general research findings for other organizations within the examined industry have been 

presented. 

Keywords: Application of anti-corrosion coatings to metal components, manufacturing plant, a FMEA,  

        metallurgy, steel 

1. INTRODUCTION 

The subject-matter of this paper is the risk analysis of introducing a new department to a business entity, 

characterized by applying anti-corrosion coatings to metal components [1]. The production company under 

study deals with metalworking and applying paint coatings to metals. Currently, organizations face a dilemma 

of extending their offer to galvanic services. It is a very time-consuming and demanding investment in financial 

terms. Also, the impact of galvanic processes on the natural environment and work safety can be very harmful. 

The implementation of the process of applying anti-corrosive coatings to galvanic elements is a complex 

activity requiring proper building facilities, but also high qualifications of employees and proper handling of 

chemical substances. The FMEA analysis aims to show potential disadvantages and threats during the 

implementation of investments in the company and draw management's attention to the biggest disadvantages 

and threats. 

Galvanic coatings may be delivered during a galvanic bath without the necessity of using external power 

supply. Metal components are dipped into bathtubs filled with electrolyte, one by one covered with metal 

connected to a negative pole of the power supply, giving a cathode. An anode consists of plates made of 

collected metal, which supplement missing metal in the electrolyte [2].  

The employment of FMEA (Failure Mode and Effects Analysis) method aims to detect defects at the earliest 

stage of the process. The FMEA method is based on the analysis of the factors that may affect the examined 

process and are related to the process methods, accessories, environmental impact as well as determination 

of control measures [3,4].  
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The first stage of the FMEA method refers to the selection of operations that should be analyzed and the scope 

of the analysis that should be established. The number of parts and levels of the method depends on the 

complexity of the process [5].  

The second stage is to stipulate precisely the actions connected with conducting the FMEA. Firstly, potential 

defects, which may occur in the examined case, need to be identified. After establishing the sequence of 

events: cause- defect - effect, each defect should be assessed by an integer from the range of 1 to 10, taking 

into account three criteria: risk - likelihood of occurring defects - cause [6,7]. 

The last stage of the risk analysis with the use of the FMEA method defines elements, in which changes should 

be introduced, which aim to reduce the risk of defect occurrence. 

2. FMEA  

The FMEA describes the process of implementing new services into the manufacturing plant which 

fundamental activity is metalworking. The metal components produced in the plant undergo electro 

galvanization processes and subsequently are coated with powder paints. The production line supplemented 

by own department for delivering anti-corrosion coatings broadens the plant’s offer and enhances the position 

of the business entity on the local market. The analysis of risk factors that refers to new services has been 

presented below in Table 1. The investment performance is based on the construction of a production hall 

designed for applying anti-corrosive coatings to metal components, administrative procedures related to 

validation of the undertaking, obtaining funds for the investment, preparing necessary infrastructure and 

acquiring new customers.  

Table 1 FMEA sheet [Own study based 6,7,8] 

No. 
Process 
Name 

Potential Failure 
Mode  

Potential 
Effect of 
Failure  S

e
ve

rit
y 

Potential Causes 
of Failure  

O
cc

u
rr

en
ce

 

Current 
Process 
Controls  

D
e

te
ct

io
n 

R
P

N
 

1. Construction process  

1. 
Raising funds 
for investment 
performance  

Failure to 
submit 

documentation 
on time  

Rejecting the 
application for 

financial 
funding  

9 

Preparing the 
application 

without taking 
enough time  

3 
Careful control 

of deadlines  
1 27 

Errors in 
documentation  

Rejecting the 
application for 

financial 
funding  

9 

Preparing the 
application 

without 
employing due 

diligence  

6 

Examination of 
the application 

by in-house 
legal 

department  
3 

54 

Extending the 
deadline for 
raising funds  

8 

The application 
supplemented 
/corrected with 
required data  

4 

Including in the 
construction 

timetable 
potential 

deadline shifts  

96 

Too many 
entities applying 

for funds  

Rejecting the 
application for 

financial 
funding  

7 
Insufficient 

argumentation  
4 

Examination of 
the application 

by external 
counsel  

5 

140 

Granting some 
of the applied 

funds  
8 

Insufficient funds  

2 80 

Granting some 
of the applied 

funds  

Insufficient 
funds for 

investment 
performance  

6 1 3 18 
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Table 1 - continue 

2. 
Applying for an 

investment 
credit facility  

Limited credit 
capacity  

Bank denies 
granting the credit 

facility  
9 

Other company’s 
liabilities  

3 

Additional 
collateral  

2 54 

Necessity of 
providing higher 
own contribution 

than planned  

Postponing the 
investment in 

order to obtain the 
required own 
contribution  

8 
Insufficient 

company’s credit 
capacity  

2 7 112 

Long-term credit 
burden to the 

company  

No chance to 
apply again for a 
credit facility for 

future 
investments and 

actions  

4 
Long-term debt 

burden  
8 8 256 

Changes on the 
market affecting 

the entity’s 
activity  

Inability of credit 
repayment  

6 
Inflation, currency 
fluctuations etc. 

5 --- 3 90 

Extended credit 
repayment period  

5 

Increase in prices 
of raw materials 
and materials 
necessary for 

production  

4 --- 6 120 

Necessity of 
introducing 

foreign capital to 
the business 

entity  

7 
Inability of credit 

repayment  
3 --- 4 84 

3. 

Investment 
performance 

with the use of 
own funds  

Savings 
exhaustion  

No financial 
liquidity  

8 

Necessity of 
securing credit 
repayment by 

equity  

3 

Acquiring new 
customers  

2 48 

Extending time for 
investment 

performance  
9 

Breaks in 
investment 

performance to 
raise funds for the 
construction to be 

continued  

5 2 90 

Loss of financial 
credibility  

10 

Use of all available 
funds for 

investment 
performance  

4 2 80 

Extending time 
for investment 
performance  

Construction of 
the electro 

galvanization 
plant by 

competitors  

10 
Too long time 

devoted to 
planning, non- 
consequential 
performance  

2 Pace of acting 
when creating 

the new 
department  

1 20 

Loss of potential 
customers  

10 3 2 60 
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Table 1 - continue 

4. 
Construction 

design 
preparation 

Errors in design  

Impact on the 
structure and 

arrangement of 
the hall 

8 

No adequate 
design review, no 

knowledge of 
construction law  

2 

Thorough 
monitoring at 
every stage of 

investment 
performance  

2 32 

Design rejected 
by the Office  

Extending the 
investment 

performance 
time, necessity 
of changes in 

the design  

10 

Inadequate location 
of the building in 

the plot, the 
respective land 

development plan 
does not allow for 

investment 
performance  

3 1 30 

5. 
Obtaining 
required 
permits  

Receiving a 
negative decision 
on building permit  

No investment 
performance  

10 

3 

Verification of the 
land development 
plan and particular 

environmental 
conditions  

1 

30 

Postponing the 
performance of 
the undertaking  

9 27 

6. 
Facility 

construction  

Location of the 
building below the 

level of the 
surrounding 

ground around 
the building  

No approval for 
investment 

performance  
8 1 4 32 

Unfavorable 
weather 

conditions  

Delays in 
construction 

process 
8 

Investment 
performance in an 

unfavorable season 
of the year. 

Abnormal weather 
conditions  

5 

Execution of the 
most important 

construction works 
in an extremely 
short period of 
time, securing 

other construction 
actions  

2 80 

Subcontractors’ 
delays  

Investment 
deadline 
delayed  

7 

Subcontractors’ 
failure to meet 

contractual terms 
and conditions  

5 
Signing contracts 

with 
subcontractors 
putting them 

under the 
obligation of 

completing their 
works within the 

declared deadline  

2 70 

Increased 
expenditures 

related to 
delays  

7 

Extending the 
construction 

duration period - 
shortening the profit 

period  

4 3 84 

Equipping the 
building with 
necessary 
technical 

infrastructure  

No adequate 
technical 
measures  

7 
Lack of the required 
technical measures  

3 --- 3 63 

Too high 
purchase costs 

of technical 
infrastructure  

6 

Low 
competitiveness of 
companies offering 
the plant technical 

equipment  

3 
Purchase of 

technical 
measures abroad  

5 90 

Purchase of 
second- 
handed 

technical 
measures  

3 

Too high purchase 
costs of new 

technical 
infrastructure  

2 

Purchase of other 
technical 

measures from 
the companies in 

liquidation  

5 30 
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Table 1 - continue 

7. 
Acceptance 
inspections 

Errors during the 
construction 

process  

Necessity of 
restoring the 
building to its 
original state  

10 

Ignoring remarks 
and suggestions of 

the public 
administrative 

bodies and 
construction law  

2 

Following 
precisely the 

design 
requirements  

5 100 

No adequate wall 
and floor 

protection against 
galvanic 

substances or 
baths  

Adjustment of 
the construction 
infrastructure to 

essential 
requirements  

6 3 

6 

108 

Acceptance 
inspection of the 
building in delay  

9 6 324 

No adequate 
ventilation 
systems  

Equipping the 
room with an 

additional 
ventilation 

system  

5 
Ignorance of air 

change 
requirements  

6 5 150 

Acceptance 
inspection of the 
building in delay  

9 2 2 36 

No adequate fire 
protection  

Satisfying 
necessary fire 

protection 
requirements  

6 
Ignorance of fire 

protection 
requirements  

3 5 90 

Investment 
performance 
postponed 

9 5 2 90 

Inadequate 
sanitary 

conditions  

Satisfying 
necessary 
sanitary 

requirements  

4 
Ignorance of legal 

regulations on 
sanitary conditions  

3 5 60 

Investment 
performance 
postponed 

9 5 2 90 

Objections 
against OHS 

conditions  

Satisfying 
necessary OHS 

requirements  
4 

Ignorance of OHS 
regulations and 
requirements  

2 
Cooperation 

with OHS 
services  

5 40 

Investment 
performance 
postponed  

9 5 2 90 

Objections 
against 

environmental 
protection issues  

Satisfying 
necessary 

environmental 
requirements  

4 

Ignoring remarks 
and suggestions of 

the public 
administrative 

bodies and 
environmental 

protection 
regulations  

2 
Following 

precisely the 
environmental 
requirements  

5 40 

Investment 
performance 
postponed  

9 5 2 90 
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Table 1 - continue 

2. OHS conditions  

8. 
Infrastructure 
adjustment  

Slippery 
surface  

Slips  1 
Workers paying 

insufficient 
attention  

7 

Delivery of slip 
resistant flooring  

8 56 

Workers paying 
more attention  

Falling into 
galvanic bath 

tubs  
2 

Ignorance of OHS 
regulations  

6 3 36 

No adequate 
ventilation 

system  

Explosive 
atmosphere 

forming   
9 

No adequate 
extraction 
ventilation 
systems  

4 

Conducting 
ventilation 

inspections on a 
regular basis  

4 144 

Emission of 
hazardous 

vapors from 
baths 

3 4 4 48 

Work ban  9 4 2 72 

Bathtub 
damage  

Galvanic bath 
spill out 

9 

No respect for 
entrusted 
equipment  

3 

Extensive training 
on OHS, 

hazardous 
substances 
handling. 

Employment of 
workers with 

adequate 
competences  

2 54 
Leakage of 
hazardous 
substances  

Equipment 
defects  

Unintentional 
mixing of 

different baths 
or galvanic 

sewage  

Adverse 
chemical 
reactions  

9 

Workers hold no 
adequate 

knowledge of 
hazardous 
substances 

handling  
2 2 36 

No adequate 
training for 

workers  

No adequate 
bath monitoring  

Unacceptable 
hydrogen 
cyanide 

concentration at 
work stations  

10 

No appropriate 
measurement 

tools  
3 

5 

150 

Measurement 
tools damage  

6 300 

No appropriate 
bath separation  

Potential 
intermingle of 
baths, vapors 
and sewage  

10 
Workers hold no 

adequate 
knowledge and 

training on 
chemical 

substances 
handling  

2 6 120 

Explosive 
atmosphere 

forming 
9 2 5 90 

Direct hazard to 
workers’ health 

and life  
10 2 4 80 
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Table 1 - continue 

9. 
Adjustment 
of rooms  

Inadequate 
bathtub 
marking  

Errors when 
providing 
coatings  

6 

Workers’ 
distractions  

3 

Precise adjustment of 
the infrastructure to the 

OHS, fire protection 
requirements  

2 36 No due diligence  

No workplace 
training  

Damage to 
entrusted 
material  

4 
Inadequate 

handling with 
entrusted material  

3 2 24 

No OHS 
marking  

Improper use 
of baths  

4 
No knowledge of 
proper coating  

1 3 12 

Inadequate 
sewage 
handling  

3 Lack of precision 
and poor sewage 

handling, no 
knowledge of 

sewage handling  

2 

7 42 

Direct hazard 
to workers’ 

health and life  
9 3 54 

10. 
OHS 

trainings  
No OHS 
trainings  

Workers not 
allowed to 

work  
10 

Non-fulfillment of 
the procedures  

2 

Extensive trainings of 
workers on OHS, 

chemical substances 
handling. Employment 
of workers who hold 

adequate 
competences. 
Executing the 

observance of OHS 
and fire protection 
regulations by the 

workers. 

3 60 
Hazard to 

workers’ health 
and life  

No adequate 
knowledge of 

hazards at 
galvanizing 

work stations  

9 
Insufficient trainings 

for workers, vital 
issues related to 

galvanization 
process and 

chemical 
substances 

handling failed to 
be discussed  

2 

36 

No adequate 
knowledge of 
the accident 
procedure  

9 36 

Inappropriate 
chemical 

substances 
handling  

10 40 

No personal 
protection 
equipment 
employed  

10 
Workers’ lack of 

care for own health  
3 

Executing the use of 
personal protection 

equipment  
6 180 

3. Providing services related to electro galvanization  

11. 
Order 
impact  

Too late 
reaction  

Loss of 
potential 
customer  

8 
Workers 

overloaded with 
other 

responsibilities. No 
additional workers 
for order services  

4 
Ordering process 
inspections on a 

regular basis. 
Communication 
process to be 

improved 

7 224 

No 
information 
about the 

order to the 
relevant 

department  

7 5 3 105 
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Table 1 - continue 

12. 
Ordering 
process 
analysis  

Erroneous 
decision on 
production 
capacity 

Failure to deliver 
the confirmed 

order  
8 

Inadequate 
information flow  

1 

Improvement of the 
communication process  

1 8 

Loss of 
customer  

8 3 1 24 

Payment of 
damages  

9 1 2 18 

Inadequate 
information 

about stocks  

Insufficient 
amount of 
chemical 

substances to 
deliver the order  

6 2 3 36 

Loss of 
customer  

9 1 2 18 

No adequate 
personnel  

Shifting workers 
from other 

departments  
6 

Sick 
leaves/leaves  

3 

Training for additional 
workers providing 

services in galvanizing 
department  

7 
126 

No adequately 
trained workers  

10 

2 

140 

Hiring workers 
from temporary 

employment 
agencies  

10 8 160 

Purchase order 
of missing raw 

materials  

Extended order 
execution period  

6 

Increased 
number of 

orders at the 
supplier’s 

4 

Improvement of the 
communication 

process. Verification of 
the suppliers in terms of 
the quality of products 

and services  

7 168 

Incorrect 
purchase order 

distribution 
5 Workers’ errors 5 6 150 

Raw materials 
delivered after 
the deadline  

5 
Delays in 
transport  

6 4 120 

No raw 
materials 

required to 
deliver the order  

5 
Insufficient 

stocks at the 
supplier’s 

6 3 90 

No adequate 
qualitative and 

quantitative 
control  

Poor quality of 
the delivered 
raw materials  

3 

No quality 
control 

department  

4 5 60 Inadequate 
number of the 
delivered raw 

materials  

No workers to 
verify the 
supplies  
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Table 1 - continue 

13. Galvanization 

No adequate 
degreasing of 

materials  

Insufficiently high 
pH of acid  

3 Worker’s mistake. 
Measurement 

tools errors  

4 

Quality control of 
delivered 
services  

5 60 

Errors during 
digestion 
process  

Too low pH of acid 4 4 6 96 

Too short digestion 
process  

2 
Overloading, 

worker’s mistake  
4 6 48 

Errors during 
flux treatment  

Inadequate 
proportion of 

solution  
4 

Worker’s mistake  

2 4 32 

Errors during 
drying 

process  

Too low 
temperature of 

drying  
3 2 5 30 

Errors during 
galvanizing 

process  

Visible zinc drips 
off on the material  

4 Inaccuracy  7 4 112 

14. 
Aftermarket 

services 

Errors during 
invoicing 
process 

Incorrectly issued 
invoice  

2 Worker’s mistake  7 
Review of the 

generated 
documentation  

9 126 

Errors during 
warranty 
services  

No adequate 
aftermarket 

services  
3 

Negligence of 
workers, 

postponing the 
galvanization 

process  

6 

Quality control of 
delivered 
services  

8 144 

Too long time in 
error  

6 7 8 336 

Non-acceptance of 
defects occurred 

during the 
galvanization 

process  

6 5 7 210 

Table 1 presents all aspects that may affect the process of implementing a new investment to an economic 

entity. The above table analyzes the individual processes together with the potential type of defect and the 

result of the defect. The probability of defect occurrence is determined on a scale of 1 to 10. The value of 1 is 

assigned to an unlikely situation, and 10 to a very likely situation. Details of the value assignment are specified 
in Table 2. Then the reasons for the defect were determined along with the value determination. Also in this 

case the cause of the defect is determined on a scale of 1 to 10. Value 1 is assigned to the unlikely situation, 
and 10 to a very likely situation. The details of the value assignment are set out in Table 3. The next step is 

the formulation of preventive measures and the estimation of the detection parameters set out in Table 4. The 

final stage of the FMEA analysis is the assignment of the RPN parameter [6,7]. 

Table 2 Defining the severity of defect occurrence [Own study based 5,6] 

S Severity FMEA services/structure 

1 None Unnoticed impact on service delivery 

2-3 Minor Defect is minor and has a marginal impact on customer satisfaction  

4-6 Moderate Average defect, discernible customer dissatisfaction  

7-8 Important Defect that occurs regularly and has a profound impact on customer 
dissatisfaction  

9-10 Extremely important Extremely important defect that affects further work, safety and is against 
legal regulations  
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Table 3 Defining the likelihood of defect occurrence [Own study based 5,6] 

O Likelihood of 
defect 

occurrence  

FMEA services / structure / process 

1 Remote No likelihood of defect occurrence  

2 Very low  Very low chance for a defect to occur. There are single defects and they occur rarely. 

3 Low Low likelihood of occurring single defects  

4-6 Moderate Defects occur on an average basis in low numbers  

7-8 High Defects are fairly frequent. 

9-10 Very high Very high likelihood of defect occurrence. 

Table 4 Defining the likelihood of detection [Own study based 5,6] 

D Detection  FMEA services/ structure / process 

1-2 Very high  Detection of defects is certain. 

3-4 High The likelihood of detecting defects is very high, the functionality test or control test is applied. 

5-6 Moderate By defect control average detection may be established. 

7-8 Low Defect detection is hindered. 

9-10 Very low Defects are difficult or impossible to detect. 

Allocation of the parameters above to Table 3 allows to define the risk priority number RPN, which is calculated 
on the basis of the pattern below [6]:  

• RPN = Severity (S) * Occurrence (O) * Detection (D) 

RPN enables defining hazards that bring the highest risks as well as the hierarchy according which preventive 
actions should be implemented [6].  

FMEA analysis is a method of identifying and preventing problems related to the analyzed process before its 
implementation. FMEA focuses on preventing defects of the process or product along with increasing the 
safety of the process, financial safety of the undertaking, work safety or environmental protection. The FMEA 
analysis is carried out in the process of designing the process or product, to avoid the greatest risks and 
disadvantages in the implementation phase. FMEA analysis is an important technique for identifying and 
eliminating potential defects and errors in the process or product. The research was aimed at showing the 
disadvantages and the threat of introducing a new service for a production enterprise together with an analysis 
of preventive measures and paying attention to the largest possible errors [9,10]. The value of RPN showed 
processes at risk of the biggest defects and measures to be taken to eliminate defects and improve the quality 
of future processes of services or products. 

3. CONCLUSIONS  

When conducting the analysis the RPN = 100 has been established, below which the preventive actions are 
not required. In the examined process the highest risk occurs to be the ignorance of aftermarket services, in 
particular, too long response time whether a warranty repair should be considered or not. Another high risk to 
the entire investment is the ignorance or non-fulfillment of due diligence procedure when it comes to the 
adjustment of the plant infrastructure, in accordance with strict construction, environmental, fire protection, 
occupational health and safety and sanitary regulations. Further risks are contacts with chemical substances. 
Particularly, inadequate marking of galvanic bathtubs and uncontrollable mixing of substances and sewage. A 
vital issue for investment performance is also the correct analysis of incoming orders as well as reliable and 
deft communication directly to the interested people. A crucial factor that determines project success or failure 
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is the galvanization of metal components. This process requires primarily involvement, accuracy and precision 
of delivered services.  

Based on the analysis, the company should pay attention to work safety and appropriate behavior of 
employees in dealing with chemicals. During the galvanic process, continuous control and vigilance of both 
employees and management is necessary. Subsequent procedures for handling orders and guarantees should 
be developed. The most important is the quick reaction of employees to incoming orders and appropriate 
actions in the scope of warranty service. Verification of the most important threats to the process will enable 
the elimination of risk for the investment and will strengthen the security of investments and will determine the 
success of the economic entity. The next threat to the implementation of the process are staff shortages, 
including employees on leave or sick leave. Already during the process design process, special attention 
should be paid to the working conditions together with ensuring the best possible work environment with 
appropriate incentives. This is to ensure the continuity of work and the satisfaction of the staff with their duties. 

Risk analysis was created for a specific company and especially for the introduction of a new service. Based 
on the conducted analysis, the values included in Table 1 emerged. The RPN value presented in the  
Table 1 defines the greatest hazards for the process under investigation. A detailed analysis of all RPN values 
above 100 determines the greatest threat to the introduction of a new service. At the same time, when 
analyzing the results contained in Table 1, you can simultaneously create and implement the appropriate 
preventive measures described in the "Current preventive measures in the process" column. Disregarding the 
results of risk analysis using the FMEA method may lead to negative effects on the functioning of the entire 
enterprise and failure to implement the new service.  

The FMEA risk analysis itself can be used for different cases. The problem under investigation concerns the 
implementation of a new service to a manufacturing company. Each risk analysis carried out on the basis of a 
given problem is individual. Any enterprise that is technologically similar in nature, risk factors may vary and it 
is not possible to use the risk analysis prepared for entity A for entity B. The impact of risk factors in some 
aspects may be the same, but if only in terms of personnel or technology will be different. Risk analysis is 
always created for a specific company or problem to increase the credibility of the conducted research. The 
scheme of risk analysis using the FMEA method can be used in each individual problem. 
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Abstract 

Power consumption is a key component in all technical branches, not only in metallurgical companies. The 

reason is quite simple. Consumed energy is often the last area, where can be realized economical saving. If 

the company want to save some energy fees, it has to reduce penalty fees, which arise from wrong power 

consumption estimation over the time. This paper is dedicated to prediction methods, based on historical 

energy data, which can be used to proper power consumption estimation. 

Keywords: Prediction, estimation, energy consumption, historical data, optimal, penalty fees 

1. INTRODUCTION 

The power consumption is a key component especially in metallurgical companies, because there is necessity 

to heat up almost all inputs, to be better workable, or liquid. It does not matter if the energy medium is gas or 

electricity. There are many regulations which has to be obeyed. Among most significant limitations belongs 

maximum power supply and quarter-hour maximum power. If any of these limitations are violated, a penalty 

occurs. The example can be heavy machinery startup process when shift start. If company is limited in 

maximum power from the grid, drawn in quarter of hour, it is unwise to start all machines at a time. By doing 

that, a massive peak occurs and penalty is generated. If the machine’s start is well-considered and spread into 

longer time, everything is all right and no penalty generated. Another example can be presented, in case of 

massive overload is in place. If there are running arc furnace and several lower consumption processes, it is 

again unwise to run another high demand process. The power grid can withstand it with any harm, but the 

absolute maximum power draw is exceeded and penalty generated. It could be short time process, tens of 

minutes, but the regulation is violated.  

To avoid these conditions, the prediction model is necessary. Aim of the article is to present a prediction model 

based on averaging current and passed energy consumption. This approach can be applied on those factories 

or workshops, which has stable withdraw of energy. If the seasonal variations are in place, the other methods 

have to be used. The goal of the prediction model is to tell us, how much energy will be consumed in the end 

of specific time. If the final number is in limits, no actions are required. But if the final consumed energy value, 

predicted by model, will be over the limit, some action has to take place to avoid unwanted penalty. Further 

presented averaging methods should clearly defined theirs proper usage. 

These conditions can be predicted and startup of high demand processes can be avoided or delayed. The 

penalties are serious problem, because it can do more than half a price in money for the energy consumption. 

Today, every company facing the need of lowering its expenses. In words of almost every CEO “Every short 

term economic return investment has been implemented…”, is a major mistake, it is almost certain, that most 

companies can do significant savings right here, in prediction of power consumption. It is necessary, in this 

approach, to free of old habits, which says that „every machine has to start at 6 o’clock, and a furnace can 

start every time it is needed”. Also, the additional measuring hardware must be installed. To obtain quality 

power consumption prediction, the detailed, long-term data has to be available. Predicative power consumption 

forecast cannot be done over month or year data obtained from the last invoice. No, forecast on daily bases 

needs at least 10 data samples per hour and if it is needed to control quarter hour power peaks, at least 1 

sample per minute is needed. This is also needed to cover all high demand machines with measurement. The 
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last prediction we made, was focused on large automotive company, which producing plastics parts and which 

carry on many injection moulding machines. In that case, all three main power grid transformers were covered 

and additional 40 high demand devices. Essentially, injection moulding machines are electric stoves. It is 

possible to control usage of the device and also control its yield. If there are about 60 control actions per day, 

80 % penalties are saved with minor affect to production process. Some penalties could not be avoided, 

because production yield is higher, than the generated penalty. [1,2] 

2. RELATED WORKS 

As was mentioned in [3], it is very difficult to predict energy consumption in company or in single building. The 

total energy consumption respectively money spent, is influenced by many factors, such as ambient weather 

conditions, building structure and characteristics, the operation of sub-level components like lighting or HVAC 

systems, occupancy and their behavior and many others. The authors are using advanced methods to predict 

energy consumption behavior, because they do not have online energy metering. Using simplified engineering 

methods, statistical methods and artificial intelligence methods to make a behavior model is one of the 

possibilities but cannot be implemented in large metallurgical companies. There are so many unknown 

interactions and interferences which restraint a usable mathematical prediction model. The paper research 

mainly concentrates on applying proposed models to new predicting problems, optimizing model’s parameters 

or input samples for better performance, simplifying the problems or advanced model development, comparing 

different models under certain conditions. Each proposed model has been developed and has its advantages 

and disadvantages, and as the authors says, it is difficult to say which one is better without complete 

comparison under the same circumstances. 

Another paper [4] is focused on economic benefits, when Real-Time Electricity Pricing is applied. As the 

authors claims, “Real-time electricity pricing models can potentially lead to economic and environmental 

advantages compared to the current common flat rates. In particular, they can provide end users with the 

opportunity to reduce their electricity expenditures by responding to pricing that varies with different times of 

the day”. The paper deal with possibility of energy consumption scheduling plan, which could have major 

influence to reduce electricity expenditures by responding to pricing that varies with different times of the day. 

As can be conclude, these questions are present around a world, not only on the local level.  

 
Figure 1 Peak-to-average ratio in aggregated load demand 
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The basic idea of the paper uses planned operation of the appliances over time. The high energy demand 

appliances are in operation mode only in low energy price time interval. This can lead to major money savings 
(Figure 1), but this approach doesn’t solve penalties. 

3. ENERGY CONSUMPTION PREDICTION 

As were mentioned in introduction, energy consumption prediction directly depends on data quality we have. 

For the prediction purposes we are using one-minute data samples acquisition, which is sufficient to most 

purposes.  

 
Figure 2 Company’s energy consumption over time 

In Figure 2 can be seen company’s energy consumption behavior over time with significant seasonal 

fluctuation. It is obvious, that company use heating system based on electrical energy so significant arise of 

energy consumption is winter time coming. The goal of the prediction is to determine final amount of consumed 

energy in the end of fiscal year, or in the specific time e.g. day, week, month. As can be seen, there will be two 

major assumption end. One before winter season come, and on the end of the year. The ideal prediction model 

should keep in mind seasonal behavior, but this involve usage of artificial neural network at minimum. [5] 

The first tested prediction method was averaging. Averaging is the best method stable systems with periodical 
energy consumption, Econs, behavior. The result of this method is a constant, expressing average energy 

draw from the grid. Equation is presented in (1). The average power withdraw is then calculated for time span 
<0; n>, where n is the final time. 

©®� � ∑ Uc��Å7�7�Ò
�            

    (1) 

where: 

avg - the average value (W) 

Econs - energy withdrawal in time period t (W) 

n - whole time periods (s) 
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One main disadvantage, when using averaging is, that the method is prone to ignore faster swing of input data 

and is very clumsy. There are several methods, how to avoid this unwanted behavior. One method is to take 

only certain historical data, not all history. As example could be take into account only last two weeks I one-

year time span. This approach is very similar to Welch window size estimation and we called it “tail” averaging. 

Basically, could be resulting equation as in (2). [6] 

©®����~ � D
� ∑ k�� �����D              (2) 

where: 

avgtail -the average value variant (W) 

Econs -Energy withdrawal in time period t (W) 

M -appropriated period of time (s) 

This method takes into account only M data samples from the whole set <0; n>. The second modification of 

averaging method is to combine it with (2). The result is not so steady, clumsy with using long time period, but 

also not so fast changing like with using Welch window.  

Moving average method is mainly used in stock market predictions and could be also used in energy 
consumption prediction. The main difference from avgtail is, that for calculation of certain point it uses not only 

past data, but also future data relative to the point. We used formula (3). 

©®���b��� � D
� ∑ k�� ���	������              (3) 

where: 

avgSMA - the moving average value (W) 

Econs - energy withdrawal in time period t (W) 

M - appropriated period of time (s) 

t - is a time in desired point (s) 

The last tested method for energy consumption prediction was linear regression. Linear regression is a specific 

case of polynomial regression. The result is a linear equation, respectively straight line, which whose 

parameters depend on all data point in specific interval. The concordance rate is defined by R parameter, 

correlation coefficient, derived from least square method. The linear parameters are calculated from (4). [7,8] 

© � � ∑ ¯�°��∑ ¯� ∑ °�
� ∑ ¯����∑ ¯���

+ � ∑ ¯�� ∑ °��∑ ¯� ∑ ¯�°�
� ∑ ¯�� �∑ ¯���

              (4) 

where: 

xi - the coordinates on time axis in specific time (-) 

i - the specific time (s) 

yi  - values of Econs in specific time i (W) 

a, b - parameters of the correlation coefficient line R (-)  
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4. PREDICTION RESULTS 

All methods described in chapter 3. where implemented and tested on data set (Figure 2). The results are as 

predicted. The data set has suited running, because there are flat areas, season behavior and initial slope. It 

is very interesting to observe behavior of every single prediction method, with regard to final consumed energy 
estimation (Figure 3).   

 

Figure 3 (a,b,c,d) Final energy consumption estimation based on used method type. 

The initial slope is always problematic. As can be seen on Figure 3a, the estimation is misleading. This is 

caused by small amount of data point. In the middle of steady state (Figure 3b), all estimations are relatively 

precise, except combination of standard averaging and avgtail (light brown curve). The most important state 

occurs when the winter season arise (Figure 3c). Standard averaging method together with linear regression 

are misleading. There is a heavy past data influence and it takes a long time to retrieve original running (only 
averaging method). On the end of time period (Figure 3d) has best approximation methods avgtail, avgSMA and 

combination of standard averaging and avgtail. Linear regression has no capability to return to correctly 

approximate energy consumption, as well as standard averaging. [9] 

5. CONCLUSION 

Prediction of energy consumption in metallurgical companies is not an easy task. Seasonal behavior as well 

as appliances with random running character enforce using advanced algorithms to predict long term energy 

consumption. This prediction is a key component when forecasting peak energy withdraws, which are source 

of financial penalties and significantly increase money outcome for energies. There were discussed several 
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methods, suitable for prediction when concerning metallurgical company. Standard household, or SOHOs are 

quite different, because of natural energy consumption behavior. The next step in prediction process is to 

implement artificial neural networks into the process. Neural network will recognize type of energy withdraw 

and assign typical energy consumption curve from the catalog. This will help select proper averaging method, 

which will eliminate total error to a minimum. Until that we recommend to use not only one prediction method, 

but whole set and carefully observe final estimation over a time.  
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Abstract   

Dynamically changing conditions of business activity, rapid development of new technologies, increasing 

intensity of competition, progressing globalisation pose for entrepreneurs new, much more difficult principles 

than before, especially due to the increase of intensity and complexity of the environment. It is reflected in the 

necessity of continuous improvement of processes and their quick reorganisation. 

The aim of the article is to analyze individual stages of the heat treatment process to indicate the complications, 

errors and quality defects of products created at the manufacturing stage. The Ishikawa diagram was used to 

improve the quality. However, taking into account that the world is on the verge of the next industrial revolution, 

the directions of improving the heat treatment process in the context of Industry 4.0 have been indicated. 

Keywords: Production process, Ishikawa diagram, Industry 4.0 

1. INTRODUCTION 

Rapidly changing business environment, development of new technologies, the increasing intensity of 

competition and increasing globalization pose businesses against increasingly difficult requirements [1]. In 

contemporary, highly competitive production environment, metallurgical enterprises face the challenge of 

coping with large amount of data, quickness of making right decisions or flexibility of production processes. 

Especially the aspect of production flexibility is here important element, because now the nature of production 

is shaped by the paradigm shift from mass production to on-demand, customer-oriented production [2]. Such 

actions result in shorter product life cycle, increased assortment of products, as well as the change of 

processes to processes of high efficiency and the change of devices and machines to more flexible devices 

and machines, taking into consideration the necessity of constant taking care of assumed quality of products. 

Industry 4.0 is currently one of the most frequently touched on topics among practitioners and scientists, 

making it the priority for many research centres and enterprises. 

Industry 4.0 is the fourth industrial revolution, in which it is assumed that it is a vision of intelligent factories 

built from intelligent cyber-physical systems. The implementation of this idea should allow to develop intelligent 

production systems, which besides above mentioned autonomy, will have properties of self-configuration, self-

control or self-repair [3]. 

The concept of Industry 4.0 covers areas which include numerous technologies and related with them 
paradigms. The main elements which are closely related to the idea of Industry 4.0 include so: industrial 

internet of things, cloud-based production, intelligent factories, cyber-physical systems or social product 

development [4, 5, 6]. 

In this concept production process will be further structured sequence of activities, thanks to which the 

consumer (user) has the possibility to obtain a product(good, service). It must be designed and organized for 

set objectives(which can change). It has dynamic character, which is conditioned by variability of quantitative 

and qualitative characteristics, material, energy and information feeds. It should serve maximizing profit of 

enterprise and customer satisfaction [7]. 
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Quality management tools in the Industry 4.0 concept will gain strength and will be still intended to collect 

and process data in order to supervise the process striving for the best possible quality. They are designed 

for monitoring, analyzing, they influence processes during whole production process of given product. These 

tools are also designed for detection of defects and errors during processes, in products or services. They 

are intended to visualize data in whole life cycle of product [8].  

Thanks to quality management tools, it is possible to analyze and evaluate, whether taken actions bring 

assumed effects and benefits, all in order to improve the processes of products and services. These tools 

are widely used in designing, monitoring and control of processes of manufacturing products and also all 

kinds of services [9]. 

In production enterprises complications, errors and quality defects of the product occur, which arise at the 

stage of manufacturing product. Such problems have many consequences and affect the quality of product. 

Each plant with its own team of specialists strives for minimizing them. Therefore detailed research and 

analyses are conducted at various stages of production using appropriate tools. One of such tools is Ishikawa 

diagram, which gives the possibility to present graphically connections, which exist between analyzed 

problem and causes that underlie it [10]. 

The aim of the article is to analyze individual stages of the heat treatment process to indicate the 

complications, errors and quality defects of products created at the manufacturing stage. The Ishikawa 

diagram was used to improve the quality. However, taking into account that the world is on the verge of the 

next industrial revolution, the directions of improving the heat treatment process in the context of Industry 4.0 

have been indicated. 

2. CASE STUDY 

Dynamically changing environment, progressive technological development, increasing intensity of 

competition and threats of crisis phenomena require the development, improvement and implementation of 

innovative management systems [11]. 

Production enterprise BGH LLC in Katowice is a plant producing square and flat bars of various sizes and 

narrow tolerances (even in small production batches). It is a subsidiary of Boschgotthard, which is located in 

Germany. At enterprise BGH mainly steel coming from the plants of group of BGH Edelstahlwerke GmbH is 

processed. The most important products include: steels for turbine blades, stainless steels for production of 

knives, tool steels and nickel alloys. At enterprise BGH steel is hot-rolled, what takes place on large rolling 

mill duo in the line of flat block and continuous line. In order to carry out various kinds of heat treatment 

different devices consisting of heating and cooling units are available. 

At production enterprise BGH production takes place in many stages. Beginning from rolling through the 

stage of heat treatment and ending with finisher. Heat treatment allows to improve material and to give it 

appropriate properties according to wishes of customer. Heat treatment is a kind of technological process, 

which is intended to change mechanical and physico-chemical properties in material in solid state by 

changing its microstructure in order to obtain appropriate properties extending the product life, for example 

increasing hardness, resistance to high temperature or strength, plasticity. It is controlled process. 

Following heat treatment procedures are applied at enterprise BGH: 

•    Heat improvement (hardening and tempering) - it is heat treatment process that consists in combination of 

hardening and tempering. In hardening material is heated to high temperature, maintained at this temperature 

and then quickly cooled. While tempering is final procedure, just after hardening, which gives the steel the best 

mechanical properties according to application. 

•    Annealing - in the general sense it means a group of operations of ordinary heat treatment, thanks to 

which structure close to steady state is obtained in treated material [10]. Softening annealing (applied in BGH 
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plant) is high-temperature heat treatment process aimed at softening the material as much as possible, so 

that material is easy to cut. 

•     Precipitation hardening (saturation and aging) - is a procedure combined with two consecutive heat 

treatment operations - saturation and aging. This is a way to strengthen materials, which uses the fact that 

the solubility of one component in the other component decreases with the decrease of temperature. 

•     Saturation - consists in heating the charge at temperature, which is above the limit of solubility in the area 

of single-phase solid solution and then in quick cooling it in order to freeze dissolved component and to 

prevent simultaneously repeated secreting component from solution 

•     Aging - while consists in heating the alloy (previously saturated) to lower temperature than limit 

temperature of solubility, heating it at this temperature and then cooling it down. 

In researched enterprise it comes to complications, errors and quality defects of products arisen at the stage 

of manufacturing the product. Such problems have many consequences and affect the quality of product. 

Therefore proposal of solutions was developed to improve the quality of products. Quality improvement tool 

- the Ishikawa diagram was used. 

The cause and effect diagram (Ishikawa diagram) is now a very popular tool in quality management. 

Currently, it is one of the most commonly used quality management tools. The essence of Ishikawa's 

diagrams is a graphic presentation of mutual connections between the effects that can cause them with 

various causes. Appropriate visualization on the one hand supports the search for causes, on the other hand 

it ensures the maintenance of an ordered structure between the identified elements [11]. 

Figure 1 presents Ishikawa diagram, which shows inconsistencies in following areas: people, machine, 

method (technological process), material and management. The diagram was prepared for the analyzed 

process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Ishikawa diagram 
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It was found that for the component „people” the most important cause of arising problem of repeated heat 
treatment is "human error". In order to minimize it, more breaks for employees, training courses, making 
employees aware of costs of made mistakes are proposed.  

For the component "machine" the most important incompatibilities were gantry crane failure and furnace 
failure. To eliminate arising failures in the future, regular maintenance of machines, the increase of number of 
inspections, the increase of monitoring machine operations, creation of file with failures and finally replacement 
of machine with new machine should occur.  

For "technological process" significant inconsistency was "inaccurate preparation of material for heat treatment 
department", in which the employee on the basis of heat treatment plan prepares the material, composition of 
the charges and in which it was easy to oversee material defects, as well as scratches, cracks or other surface 
defects. In order to eliminate this incompatibility experience of employees should be increased, the material 
should be checked more thoroughly before the execution of heat treatment, principles and rules should be 
observed on the basis of experience of employees, as well as guidelines should be followed and also the 
analysis of statistical data should be carried out.  

For the component „material” the most important inconsistency was incorrect preparation of production cards, 
where it is easy to confuse for example assignment of the charge. The proposal of improvement is to create 
additional program analysing the selection of the smelt to specific order.  

The most important inconsistency for the component ‘’management’’ was ‚incorrect identification of material. 
In order to minimize these inconsistencies, more training courses, emphasis on employees and the increase 
of awareness of costs of losses are proposed. 

Short characteristic selected of causes and proposals of solutions are presented in tables 1. Improvement of 

problematic areas in the aspect of transformation of enterprise to the requirements of Industry 4.0 are also 

proposed. 

Table 1 Characteristic selected of causes and proposals of solutions also according to assumptions  

  of industry 4.0 

Description Proposal of solution Proposal of solution according to 
assumptions of industry 4.0 

• Inconsistency - experience of employees 

Heat treatment process is specific, 
experience of employees is very 

important here. At department both 
employees with long-term work 

experience as well as newly employed 
employees work. New employees must 

demonstrate willingness to acquire 
expertise and above all experience. 

The support of experienced employees 
is the basis for the proper 

implementation of procedure of heat 
treatment. Friendly atmosphere in work 

is important. 

Implementation of development program 
for employees (financing of training 

courses, cyclical search for possible 
areas of employee development). 

• Inconsistency - gantry crane failure 

Seizing and temporary stop can cause 

the delay during hardening, resulting in, 
for example, overcooling of material. 

Regular maintenance, inspections, 

monitoring of gantry crane operation, 
creation of a file with failures are 

proposed. Finally, eventually the 
replacement of gantry crane with new 

gantry crane. 

Modern Maintenance of Operation. 

Tools supporting maintenance operation 
and preventative actions in machine 

park. Algorithms foreseeing failures. 
Remote support systems. Systems of 

management of maintenance of 
operation (CMMS, EAM). Integration of 

machines. 
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Table 1 Continue 

Description Proposal of solution Proposal of solution according to 
assumptions of industry 4.0 

Inconsistency - Inaccurate preparation of material for heat treatment (continue) 

Employee on the basis of plan of heat 

treatment prepares material and 
composition of charges. The furnace is 

loaded evenly, symmetrically in relation 
to its length and width. Additionally it 

should be inspected visually, if there 
are any scratches, cracks or other 

surface defects are present. Material 
with surface defects should not be 

hardened. For softening annealing is 
binding material in several places with 

the wire necessary in order to avoid 
dispersing. 

Experience and analysis of statistical 

data (archive data file) are important in 
order to harden the charges evenly and 

at the same time to optimize the weight 
of the charge. With regard to annealing 

material can not exceed admissible 
weight depending on the dimension - for 

example max. 3 tonnes for ready rolled 
dimension 30x30 mm. To avoid problem 

of inaccurate preparation of material for 
heat treatment, more accurate checking 

material before performing heat 
treatment, observance of principles and 

rules on the basis of experience of 
employees and also guidelines are 

proposed. 

Robotization - flexible, robotized 

production cells, "intelligent" systems. 
Modern manufacturing systems. 

Cooperation of robot with a human 
being. Machines with extended 

intelligence. 

Inconsistency - Inappropriate identification of material 

At Heat Treatment Department rolled 
material is marked with appropriate 

labels by employees. These labels are 
intended to identify the species of steel. 

are very important element, because 
their identification enables further 

production process. 

Wrongly marked labels from the 
moment of rolling or incorrect 

identification of material by the 
employee cause that the repetition of 

the process will be necessary in 
accordance with correct marking. More 

training courses for less experienced 
employees, laying greater emphasizing 

by supervising persons on employees 
responsible for labeling are proposed 

Analysis of production data - advanced 
software for data processing and 

analyzing. Real-time analysis. Advanced 
algorithms ensuring the maintenance of 

assumed product quality. 

 

Improvement of production processes and care for the highest quality of products is an absolute necessity. 

Industry 4.0 is the fourth industrial revolution in which it is assumed that it is a vision of intelligent factories built 

of intelligent cyber-physical systems. The implementation of this idea should enable the development of 

intelligent production systems that, in addition to autonomy, will have self-configuration, self-control or self-

repair properties. In the surveyed enterprise, many problems faced by managers will gain completely new 

solutions, as presented in Table 1. 

3. CONCLUSION 

Rapidly changing business environment, development of new technologies, the increasing intensity of 
competition and increasing globalization pose businesses against increasingly difficult requirements [12]. 
Enterprises wishing to maintain the competitiveness competitiveness constantly have to take care of the 
highest quality of offered products. 

Researched problem, it means the necessity of performing repeated heat treatment processes, which have 
negative impact on whole production process, was analyzed and evaluated on the basis of the Ishikawa 
diagram. Due to the fact that we are currently on the threshold on industrial revolution, solutions of the problem 
resulting from transformation of production enterprise BGH into factory of industrial 4.0 were proposed. The 
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implementation of this idea should enable the development of intelligent production systems that, in addition 
to autonomy, will have self-configuration, self-control or self-repair properties. In the surveyed enterprise, many 
problems faced by managers will gain completely new solutions. as for example: robotization will eliminate 
manufacturing errors created as a result of human error, innovative systems will enable "virtual" machine park 
management or management of the entire enterprise. 

Carried out cause and effect analysis can contribute to minimizing arisen problem, it can influence better 
production efficiency, increase qualifications, awareness of employees with their preparation for done job. 
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Abstract 

The article deals with the issue of wastes from the predominantly imported raw material sources of drawn high-

carbon and low-carbon wire. The acquired knowledge is based on an analysis in a selected spectrum of 

branches and disciplines dealing with the processing of wire and wire products in the conditions of the Czech 

Republic. Causal analysis, factor analysis and marketing segmentation have been performed. The result of 

the research is the display of economic opportunities to achieve a higher added value of the selected product 

group in the wired program fields of expertise. Compared to the global wire producer in South Korea, the Czech 

Republic has abandoned a number of product lines in the field of brushes, springs, fasteners of secondary 

metallurgy, textile and leather haberdashery, electrotechnics requiring a higher proportion of human work, 

manual and craftsmanship skills. The authors come up with a proposal to restore some craftsmanship skills 

using protected workshops. 

Keywords: High-carbon wire, low-carbon wire, technological waste, recycling of technological waste from  

        wire, added value, protected workshops. 

1. INTRODUCTION 

Wire processing and wire processing technology has a long tradition in the Czech Republic and creates 

significant future potential for the development of a wide range of industries. The authors of the article focused 

on the specific area of use of this raw material in terms of other possibilities of technological waste processing 

in sectors that do not show high productivity with the necessary high degree of automation and robotization of 

technological processes. Wide range of wire products that, like in South Korea, enter the chain of processors 

of semi-finished products and products in the areas and industries create an opportunity to strategically 

diversify and support finalization alongside innovative processes.  

“Twentieth century wire processing advances included such items as in-line annealing and heat treatment, 

sophisticated wire-handling systems that allowed high drawing speeds, multiple strand drawing systems, and 

a variety of proces automation and control innovations.” [1] 

Along with the growth of this group of wire-working manufacturers, mainly in the industrial product sector, there 

is an open opportunity for small and medium-sized enterprises, using the process of maximizing the value of 

the raw material that makes part of the technological and re-cycled waste. The authors come up with a proposal 

to use the process of protected workshops built for a higher degree and opportunity for the involvement of 

handicapped citizens in the field of wire products requiring a higher proportion of manual work, craft skills and 

the development of creative activities, especially for products enriching the consumer market and increasing 

added value. 

2. BASIC CHARACTERISTICS OF AVAILABLE RAW MATERIAL RESOURCES OF WASTE WIRE 

“Putting waste in holes in the ground, i.e. landfilling, could therefore be considered as long-term storage of 

materials rather than actual disposal. Is this the most efficient way to manage such materials however? 
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Concerns over conservation of resources have led to lalls for, firstly, general reductions in the amount of waste 

generated, i.e. waste minimisation or waste reduction, and secondly, for ways to recover the materials and/or 

energy in the waste, so that they can be used again. Recovery of resources from waste should slow down the 

depletion of non-renewable resources, and help to lower the use of renewable resources to the rate of 

replenishment.” [2] 

The basis of the resource of waste wire is the characteristics of its production technology. Due to the wide 

range of wire products as a primary steel product and non-ferrous metal wires that constitute the backbone of 

the industrial structure of the downstream industries, it is possible to provide at least the basic classification 
scheme (see Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Basic scheme for the classification of technological waste in primary raw material phases 

At a closer research in the conditions of the producers in the Czech Republic it is possible to provide a number 

of examples that are comparable to the world producers and allow, both in the area of rolling technology and 

in the area of drawing and welding of wire, it is possible to define certain places which are the source for future 

higher valuation of the raw material. These are especially the processes of winding and unwinding of the wire, 

especially with regard to the input and output operations, the thread of the wire on the coil and the process 

associated with the introduction of a high degree of quality control using ultrasonic technology. It is a high 

demand for continuous quality parameters throughout the wire coil winding before downstream technological 

operations, especially for high-carbon wire, designed for the production of ropes, springs, high-strength 

screws, and wire cords for the automotive industry. A separate area consists of non-ferrous metal wires for 

power engineering, electronics, and electrically conductive strands. 

The technology associated with the processing of low-carbon wire are also an important source of usable 

waste material. Here, the possible use in protected workshops is much more promising, as these wires do not 

require more complex single-purpose machines for their further processing, but only relatively simple products 
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can be used to reduce total cost and to develop craft skills. “Wirebond equipment form different vendors have 

different features and what is useful for you particular manufacturing facility depends on the product portfolio, 

volume of product, location of plant, level of operators, capability of maintenance personnel, cost of bonder 

and a host of other critical criteria.” [3] 

From the point of view of the total volume capacities it is possible to document the perspective of the resource 
growth in the conditions of the development of the Czech Republic - see Tables 1 and 2. 

Table 1 Total wire production growth  

Production volume (%) Year 2000 Year 2016 

Rolled wire 100 % 142 % 

Drawn wire 100 %  121 % 

Table 2 The total use of produced wire in the area of domestic consumption shows a decrease in the given  

  period 

Production volume (%) Year 2000 Year 2016 

Rolled wire 48 % 42 % 

Drawn wire 44 %  39 % 

The above results document not only the opposite trend for a higher degree of valuation of a significant 
domestic raw material but also the need to change the assortment, and respond with less flexibility to the 

innovation needs of the final finalizing producers both in terms of properties and composition of materials and 

in terms of capacity to deliver sublimit volumes. 

3. EXAMPLES OF USE OF AVAILABLE RAW MATERIAL RESOURCES OF WASTE WIRE 

A quantitative survey aimed to identify if and to what extent is the waste material, which is produced in wire 

winding and unwinding by Czech wire producers, used by the managers of Czech sheltered workshops for the 

fabrication of their unique products or if they would be willing to use it was conducted by the authors of this 

article in 2017. The survey was made in the form of direct acquisition of relevant primary data using 

telemarketing. It was conducted following the qualitative survey from 2015 - 2016 aimed to identify which works 

are performed in the Czech sheltered workshops. [5] 

The survey showed that the waste material produced by Czech wire producers is not used by any Czech 

sheltered workshop and 37 % of respondents were interested in using this waste. This result is due to lack of 

information on application potential of waste from this industry. The article authors endeavour to improve the 

liaison between industrial production generating waste and social sphere represented by sheltered workshops 

where there is a high potential for making products with high added value thanks to manual work. 

Over the past period, the production was stopped due to the low economic efficiency, innovative dynamics and 

the need for substantial technological investments. In a relatively short investment period, the world´s market 

underwent a turnover and a whole range of wire program programs, which requires a relatively high proportion 

of human work and managerial skills, is replaced by imports. Supplying wide range of assortments at 

considerable distances induces extra costs associated with multiple handling and redistribution with a relatively 

high share of business and logistics margins. The area of higher utilization of raw material resources of waste 

wire creates an opportunity where there are branches that are not already the subject of exports of the wire 

program of the Czech Republic. For the sake of simplicity, it is possible to introduce them, for example, in a 
chain of drawn wire (see Figure 2). 
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Figure 2 Examples of use of available raw material resources of waste wire 

The dynamics of innovation requires the promptness of response not to the current supply and demand for 

drawn wire, but in particular to the future needs of dynamically developing industries with high innovation 

potential for end use of production. There are emerging trends of small flexible manufacturers that fill the 

niches of big companies with extraordinary skills and talent for outstanding final products. An example 

illustrating the complexity of the structure of the needs of the assortment and material structure of wires may 

be found in a selected group of the electrical industry. 

Wire resistors also include carbon electrodes, which are used, for example, in electric arc furnaces or platinum 

and iridium electrodes, which are used in spark plugs of automobiles. The main requirement for resistive 

materials is the property of being 10 times to 100 times worse conductive than copper. As a rule, alloys of two 

metals are used: 

• Manganin - manganese bronze with nickel. It is used to produce resistors where it is necessary that the 

resistance properties change with the pressure. The disadvantage of this material is that it is unstable 

in time and cannot be aged artificially. 

• Constantan - nickel bronze. It is used to produce strain gauges that measure mechanical stress, 
resistance sensors and thermoelectric cells. Chromium nickel - up to 1,200 °C. It is well resistant to 

oxidation and chemical influence. However, it is expensive. 

• Cr-Ni-Fe alloys - 900 - 1,200 °C, including Cekas, Ferronichrome, Ferochronin. 

• Fe, Cr, Al alloys - up to 1,350 °C. This group includes Fechral that is harder, more brittle, less ductile 
and cheaper than the above materials. 

The abovementioned quotes of the corporate material evaluating the interface of economic and technological 

variants document the demands for knowledge and dynamics of changes in the current needs and the future 

needs of the upcoming products. 

4. CONCLUSION 

High-quality craftsmanship, capable of exploiting the available resource possibilities of raw material base from 

domestic sources, contributes to the growth of the industrial potential of the territory and the state. From the 

point of view of future development trends, it is obvious that it also helps to develop the knowledge potential 

and approximates the conditions of primary and applied research to real practice and vice versa. Everywhere 

where the research and development pass by, this space is in real-time filled with the world´s market offer. 

The opportunity to exploit the dynamics of resource production over the period from 2000 to 2016 to a higher 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

1995 

added value per 1 kg of exported production requires an efficient involvement of knowledge and skill resources, 

including handicapped fellow citizens, as is the case of the industrialized countries. 
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Abstract 

One of the most frequently used methods of quality management in manufacturing and industrial enterprises 

is the FMEA method. The FMEA (i.e. Failure mode and effects analysis) is a method of systematic prevention 

of defects. It allows to specify actions to minimize the risk of defects' occurrence. The FMEA is most often 

used wherever products with a high degree of complexity are manufactured or when the production process 

is a multi-stage process or when in the production process many people take part. Due to its universal 

character it is used in mass production, unit production, especially industrial production. The literature states 

that this method can be widely used in the metallurgical industry. While conducting the FMEA analysis, the 

knowledge and experience of employees working in higher positions, technologists, employees of quality 

departments, but also directly production employees can be used, but also it can be treated as a motivation 

tool for them. The purpose of the paper was to analyze quality of steel bars which are produced by one of the 

steelwork in Poland. The FMEA method was used for this analysis. The cause and effect are presented for 

each production problem. After calculating the risk priority number, corrective actions were proposed. After the 

introduction of these corrective actions, the risk priority number was re-calculated to see if these actions have 

caused the intended effect. 

Keywords: Quality, FMEA, risk priority number, steel bars 

1. INTRODUCTION 

One of the most popular methods of quality management in Polish industrial enterprises is failure mode and 

effects analysis (FMEA). The method, with its analysis of the risk of inconsistencies in the product or process, 

helps eliminate the defects before they occur. This prevents from expenses connected with e.g. repairing 

products that have to be incurred by the enterprise. 

The FMEA method is a widely used quality management method and is especially effective in the case of the 

analysis of complex products or processes. This analysis can concern an individual part or subassembly or 

the entire product or part of the process (e.g. one operation) or the entire technological process. 

The method is especially useful during the design stage, where the risk is evaluated for alternative solutions. 

Weaknesses of an entire process or a product are evaluated and the suggestions for facilitation are made. A 

particular focus is on inconsistencies and defects which occur the most or have the biggest effect on the entire 

process [1]. 

FMEA allows for identification of the activities that minimize the risk of defects. FMEA is most often used where 

products with high level of complexity are manufactured and many people take part in the manufacturing 

process. Due to its universal character, the method is used in serial production, unit production and services 

and administration [2-3]. 
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The aim of the paper was to analyze quality of steel bars produced by one of the steelworks in Poland. The 

analysis was based on the FMEA method. One the risk priority number was computed; the corrective measures 

were proposed. After implementation of these activities, the risk priority number was computed again in order 

to verify whether the proposed measures produced the expected effects. 

2. METHODOLOGY 

FMEA is a technique that allows for identifications of defects and helps eliminate them. FMEA analysis is used 

to identify and evaluate risks of occurrence of potential defects in individual parts of the product or in the 

manufacturing process as well as the effects of these problems [4]. The method consists in analytical 

determination of cause-and-effect relationships between potential product defects and taking into 

consideration the criticality factor (risk) [5]. 

According to the literature, there are a number of objectives to conduct FMEA analysis in the entities [6-9]: 

• consistent and regular elimination of the defects (weaknesses) in products (product structure) or 

production process (e.g. processing) through recognition of actual causes of their generation and using 

adequate means of prevention, 

• avoiding occurrence of previously recognized as well as unknown defects in new products and 

processes by using the knowledge and experiences from the previous analyses, 

• identification of the activities which would eliminate or at least limit the likelihood of potential defects, 

• documenting the process, 

• analyses of the product or process and, based on the results, implementation of corrections or new 
solutions which would effectively eliminate the source of defects, 

• creating of the database in the form of corrective measures, 

• increasingly high product complexity and, consequently, the danger of greater number of defects during 

production and greater amount of complaints. 

Therefore, it can be concluded that the FMEA method allows for introduction of new solutions, more 

economical production processes and saving not only materials and used parts but first and foremost, save 

the previous time. 

It should be noted that in general, there are two types of FMEA analysis [4,10,11]: 

• Project FMEA - it allows for doing things right for the first time. This analysis is aimed at identification of 

factors that are likely to lead to potential disturbances in manufacturing processes is conducted in this 

case. Project FMEA is used mainly at initial stages of designing of any technological processes before 

the serial production is started i.e. production planning, and during serial production in order to improve 

processes which are unsteady or do not ensure required performance. 

• Process FMEA - it allows for identification of the problems and disturbances which can be observed 

during performance of planned processes, oriented mainly towards optimization and reliability of the 

product. This analysis allows for obtaining information about strengths and weaknesses of the product. 

Apart from these preventive measures, this FMEA helps determine the actions which allow for making 

decisions if a product already left the enterprise i.e. during transport or maintenance. The analysis may 

concern not only the entire product or its assemblies but also subassemblies and, in exceptional cases, 

only some parts. Conducting the FMEA analysis is especially recommended for implementation of 

entirely new products, parts, materials and technologies if huge risk is generated for human safety or 

the environment, if product failure (or defect) occurs or if the product is used in particularly critical and 

difficult conditions. 
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The literature emphasizes the following basic benefits of using FMEA [12-14]: 

• employee integration through solving problems in teams, 

• using employee knowledge and consequently using better solutions for manufacturing products and 

providing services, 

• important reduction in the level of costs while increasing quality, 

• improved efficiency of the analyzed process, 

• improvement in opportunities to meet customer expectations and the respective customer satisfaction, 

• increased customer satisfaction, 

• increase in efficiency of activities oriented at improved quality, especially prevention of defects, 

• improved product reliability, 

• facilitation of information flow in the organization, 

• development of data bank concerning the problems, their causes and methods to correct them etc. 

An FMEA analysis for round bars manufactured in a rolling plant of a steelworks was performed in this paper. 

The examinations were conducted in the period from September to December 2017. The FMEA analysis took 

into consideration 11 most frequent defects of steel round bars. Causes and effects were determined for all 

defects. Three priority numbers were determined: severity (S), probability (P) and detection (D). These 

numbers were used to compute risk priority number (RPN). Next, the corrective measures were proposed. 

After implementation of the corrective measures, the RPN was computed again. 

The steelworks X is one of the biggest suppliers and steel importers in the European market, active in each 

link of the steel supply chain. The enterprise has the plants which process scrap metals, steelworks, production 

plants and warehouses all over the world. The Bar Rolling Plant, opened in September 1999 by an Italian 

company, is the most modern production plant of this kind in the Central Europe. The investment allowed for 

offering high-quality products that correspond to European standards. 

From steel, commercial activity, financing trade, distribution through to warehousing, the steelworks processes 

over million tons of steel products a year. With branches in 12 countries and additionally partnership 

commercial offices all over the world, the company has long-term commercial contacts with world producers, 

professional knowledge and resources that allow for supplies of any types of steel products in order to meet 

customers' needs in all places of the world. 

3. RESULTS 

Table 1 presents the results of the FMEA analyses performed for steel bars produced by the company.  

In order to sum up the analysis, a graphical interpretation of the results was developed as presented in  

Figure 1. A critical value of RPN=60 was adopted due to the fact that they are used for steel structures as 

these structures require behaving adequate parameters of materials used for their creation. 

All the proposed corrective measures were implemented. After the implementation and renewed computation, 

the implementation effects were evaluated. RPN was reduced in all cases. 

The highest RPN number was observed in the case of N2 defect (teeming lap). They were caused by 

mechanical damages. For this defect, corrective measures in the form of the rolling process analysis were 

proposed. The highest increase in the value of RPN was also found for this defect. 
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Table 1 FMEA for round bars [own study] 
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Figure 1 Comparison of RPN before and after corrective measures were implemented [own study] 

Another defect that involved high risk was N7, metallic inclusions, caused by improper alloy composition. In 

this case, it is necessary to analyze proportions and amount of components. 

The last defect which exceeded a critical RPN value is N10: hot tears, caused mechanical damages. The 

analysis of the rolling process was also proposed in this case. 

The enumerated most important defects make it impossible or substantially limit product function. Therefore, 

it is important to reduce the involved risk. 

4. CONCLUSION 

An FMEA analysis of steel round bars produced by one of the steelworks in Poland was presented in this 

paper. The examinations were conducted in the period from September to December 2017. The FMEA 

analysis took into consideration 11 most frequent defects of steel round bars. The critical level was priority 

number of 60. 

It turned out that the most serious defects of steel round bars include teeming lap, metallic inclusions and hot 

tears. Corrective activities were proposed for all the defects, followed by the FMEA analysis which confirmed 
the necessity and efficiency of these activities. 

The analysis demonstrated that FMEA can be successfully used in the foundry sector. Although the analysis 

can be time-consuming, it is not as difficult as it may seem to be. Therefore, the paper can be used as a 

recommendation for a broader use of the method. 
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Abstract 

The main purpose of the paper is the determination of basic causes of non-conformances of anodised coating 

on aluminium finishing strips. Results of the analysis allow to identify factors that should be paid special 

attention during the production process. In the first part of the paper the analysis of quantitative parameters of 

anodised coating of finishing strips was presented. 20 finishing strips made of aluminium, previously submitted 

to the anodising process in sulfuric acid were evaluated. In each test, the same elements were used, each one 

was assigned the same number for each analysis. The parameters of layer were measured at 5 specific points. 

Three basic parameters of coating were examined: thickness, grindability and microhardness. The elements 

of statistical analysis were used for analysis. In the second part of the paper the Ishikawa chart was used to 

determine the causes of defects in the coating. 

Keywords: Quality, statistical analysis, finishing strips 

1. INTRODUCTION 

The application of quality management in companies is related to, among others, the use of control activities 

of production processes in order to locate and identify non-conformances occurring in products and the use of 

such activities that will help to eliminate both them and their causes [1,2]. In order to minimize the occurrence 

of non-conformances, appropriate quality management methods should be applied so that typical problems 

appearing in the production process can be solved. It is important, therefore, that the employees are aware 

and prepared to solve problems that may appear in the processes, especially to eliminate their causes. There 

is also a need to take preventive measures to avoid errors, resulting in higher costs and longer production 

cycles [3,4]. 

In many book publications and papers related to the subject of quality management, an approach that tools 

and techniques used in quality management are extremely important in supporting the development and 

improvement of the quality of final products that go to buyers, can be found [5]. 

The spectrum of methods and tools of quality assessment that are mentioned in the literature of the subject is 

very wide. A variety of quality management methods and tools can be used to monitor the entire production 

cycle from the design stage, through manufacturing to final product inspection. All of them are characterized 

by a planned, repetitive and scientifically based way of proceeding during their use [6]. 

The use of such tools can bring many tangible benefits, which should be mentioned: providing clear and 

objective information, supporting the improvement of processes and activities in organizations, improving the 

functioning of the organization in a systematic manner, enabling management of the organization based on 

real data (results of tests and analyses), employing employees in quality improvement processes, enabling 

observation, analysis and evaluation of cause and effect relationships in organizations, impact on reducing 

quality costs, which can contribute to the company's profits [7]. 
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2. CHARACTERISTICS OF MATERIAL 

The testing material taken to analysis are aluminium finishing strips with A02 profile. These are 120 cm long 

joining and finishing strips, coloured in silver. Finishing strips, having the category of coating thickness AA15 

(15μm), are made of anodised aluminium. They are used for aesthetic, as well as functional merging of floors, 

so that they create a chic and uniform whole. In most cases, they combine wooden floors, floor panels, parquet 

floors, with carpets or ceramic tiles as well as decorative stone [8]. 

Dimensions of strips are: length - 120 cm, width - 30 mm and thickness - 2 mm. All finishing strips taken to the 

analysis come from a single source, from the same batch. Each of the samples is made from the same 6xxx 

alloy series - Al-Mg-Si alloy, which is characterized by medium strength, good plastic, good machinability, good 

corrosion resistance and heat treatability [8]. 

3. METODOLOGY OF THE ANALYSIS 

The paper presents the analysis of three quality parameters of selected product: thickness of coating, its 

grindability and microhardness. 20 aluminium finishing strips that have undergone the anodising process in 

sulfuric acid were selected to the analysis. In each study (for each parameter), the same elements with the 

A02 profile were used, which was assigned the same number for each analysis. All samples were taken from 

one pendant, so they went through the same production process. The measurement of the parameters of the 

layer of analysed elements was carried out in 5 specific points, which are of significant importance for the 

recipient of products. The following element of the analysis were made: 

• statistical evaluation of parameters of the product, 

• analysis of variability of the average value of parameters in individual samples, 

• analysis of causes of problems in anodising process (main causes of non-conformances). 

4. ANALYSIS OF RESULTS 

4.1. The analysis of coating thickness 

The analysis of the results concerning the thickness of the anodised coating of the tested strips was performed. 
The basic descriptive statistics of the tested parameter were determined (Table 1) and the distribution of this 

parameter was presented graphically (Figure 1). Subsequently, the analysis of the variability of the average 

coating thickness in individual samples was made by comparing the results to the minimum of average 

thickness (15 μm) and to the minimum local thickness (12 μm for a single measurement). The results of the 
analysis are shown in Figure 2. 

Table 1 Descriptive statistics for coating thickness [Own study based on: 8, 9] 

Parameter Value Parameter Value 

Average 15.76 Variability 8.7% 

Median 16 Asymmetry -0.42 

Dominant 15 Minimum 11 

Standard deviation 1.37 Maximum. 18 

Based on the results of presented analysis (Table 1, Figure 1, Figure 2), it can be concluded that: 

• Average coating thickness is 15.76 μm with app. 9 % of variability. The distribution is clearly 
asymmetrical and indicates that most of the results exceeded the average minimum thickness. Only 

single results reached a value well below this number. The lowest result (11 μm) was recorded in only 

one measurement. 
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• The analysis of variation of average thickness in individual samples showed that in case of two samples 

the results were unsatisfactory. For sample No. 2 the average value of measurements was too low. In 

case of sample No. 11 the average value was satisfactory, however, for one of the measurements, too 

low thickness result (11 μm) was obtained, which exceeded the permissible value of the local thickness 

minimum. Both strips should be rejected. The average thickness for the rest of samples was much higher 

than minimum average thickness. 

  

Figure 1 The distribution of coating thickness  

[Own study based on: 8,9] 

Figure 2 Variability of the average coating 

thickness in individual samples  

[Own study based on: 8,9] 

4.2. The analysis of coating grindability 

The analysis of results concerning the grindability of anodised coating of aluminium finishing strips was made. 
The basic descriptive statistics for this parameter was evaluated (Table 2) and the distribution of this parameter 

was created on diagram (Figure 3). Then the analysis of variability of average of grindability in individual 

samples in comparison to the maximum loss (2 µm) was made. Results of this analysis is presented in 
Figure 4. 

Table 2 Descriptive statistics for coating grindability [Own study based on: 8,9] 

Parameter Value Parameter Value 

Average 1.32 Variability 40.11% 

Median 1 Asymmetry 1.39 

Dominant 1 Minimum 1 

Standard deviation 0.52 Maximum. 3 

Based on the results presented in the paper (Table 2, Figure 3, Figure 4) it can be concluded that: 

• Average grindability of coating for individual measurements was approx. 1.32 µm with 40 % variation. 

The distribution of the tested parameter is considerably asymmetrical. Most samples achieved a result 

of about 1μm. Only for three measurements a value of 3 μm was achieved. 

• The analysis of variability of average grindability in individual samples showed that for one sample the 
results were not satisfactory. For 3 local measurements in sample No 2 the result of 3 μm was obtained, 

average value of this parameter for all 5 measurements was 2.6 μm. This result indicates that the strip 

No. 2 should be rejected. Average grindability for the rest of samples was much lower than maximum 

grindability. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

2005 

 
 

Figure 3 The distribution of coating grindability  

[Own study based on: 8,9] 

Figure 4 Variability of the average coating 

grindability in individual samples  

[Own study based on: 8,9] 

4.3. The analysis of coating microhardness 

The analysis results of microhardness of anodising coating of aluminium finishing strips was performed. The 
basic descriptive statistics for the parameter were calculated (Table 3) and the distribution of this parameter 

was presented on the graph (Figure 5). Then the analysis of variability of the average microhardness of coating 

in individual samples was performed in comparison to normative value (135 HV). The result of the analysis are 
shown in Figure 6. 

Table 3 Descriptive statistics for coating microhardness [Own study based on: 8,9] 

Parameter Value Parameter Value 

Average 129.9 Variability 14.1% 

Median 130 Asymmetry -0.43 

Dominant 109 Minimum 71 

Standard deviation 18.32 Maximum. 169 

 

 
 

Figure 5 The distribution of coating microhardness 

[Own study based on: 8, 9] 

Figure 6 Variability of the average coating 

microhardness in individual samples [Own study 

based on: 8, 9] 

In assessing the results of the analysis (Table 3, Figure 5, Figure 6) it can be seen that: 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

2006 

• The average value of microhardness in the tested strips is app. 130 with 14.1% of variability. The 

distribution of the results is slightly asymmetrical, half of results exceeded vale of 130. Only for 3 

individual measurements the results were significantly different and much lower than 100.  

• The analysis of variability of average microhardness in individual samples showed that in most samples 

the results fluctuated in the normative value boundary. As in previous cases, results for sample No. 2 

were significantly different from the norm. For one of the measurements, a result of 71 was obtained, 

the highest value of microhardness in this sample was 102. It confirms the earlier statement that strip 

number 2 should be rejected. It should be emphasized that between microhardness and the thickness 

of the coating there is a high dependence: the thinner the coating layer of strip, the worse the 

microhardness parameters. 

4.4. The analysis of causes of non-conformances of anodised coating on aluminium finishing strips 

The analysis of causes of non-conformances of anodised coating on aluminium finishing strips is presented in 
Table 4. 

Table 4 Ishikava analysis of causes of problems in anodising process [Own study based on: 8,9] 

Man Material Machine 

Experience 

lack of experience results in improper 
performance of certain activities 

entrusted by the manager 

Seniority 

gaining knowledge and experience 
through many years of work teaches 
people to carry out tasks in proper 

way 

Qualifications 

lack of knowledge skills in handling 
equipment to perform tasks has great 

effect on the effects of work 

Job satisfactions 

satisfied employees show greater 
initiative, reliability and positive 

climate work, while lack of it may 
result in lowering organizational 

efficiency 

Alloy class 

it is important that used material is in 
the appropriate class of alloys, does 

not have a large amount of 
admixtures, what can significantly 

affect the aesthetics of the profile or 
prevent the process from being 

carried out 

Structure of surface 

the profile cannot have various types 
of blemishes (scratches, dents), this 

will worsen the appearance and 
aesthetics of the strips 

Proper preparation 

processes such as sanding or 
brushing must be performed by 
experienced workers, because it 

affects the final effect and the quality 
of the strips 

Technical conditions 

assessment of the technical condition 
and diagnostics of machinery and 

equipment on time may have a 
significant impact on the production 

volume 

Producer 

the manufacturer's goal should be to 
improve the quality and productivity 

of machines 

Construction-technology 

construction and at the same time 
the technology used by the device 

manufacturer is of particular 
importance to the level of products 

Method Measurement Money 

Anodising program 

the use of the appropriate anodising 
program is one of the basic factors 

determining the obtaining high quality 
of products 

The course of anodizing process 

performing the anodising process in 
accordance with the selected 

anodizing program 

Way of hanging profiles 

fasten the strips to the carriers in 
optimal way and using appropriate 
pendants, so that each element is 

coloured properly 

Accuracy of the meter 

the meter should indicate value of 
0.01µm to examine accurately the 

thickness of the profile 

Measurement method 

it is important that the strips from 
each tested series wad tested in five 
places at equal distance from each 

other 

Imprecision of the meter 

inaccurate readings may disturb the 
actual value of the measurement 

Lack of training 

it is important to conduct periodic 
training to improve the employee's 

qualifications and professional skills 

Limitation of technical inspection 

a malfunctioning machine system 
can significantly reduce the 

production volume 

Cheaper consumables 

faster wear parts lead to frequent 
failures 
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Non-conformances related to the parameters of coating of aluminium finishing strips are closely linked to the 

production process. Most of them are formed during the anodising process, where the coating is produced, 

the function of which is to increase the corrosion resistance and improve the decorative value. The analysis of 

causes of problems occurring during the anodising process of strips was made. The analysis was based on 

Ishikawa diagram principles. All reasons were divided into 6 main groups according to the principle of the 

diagram. For each group, the reasons were ordered from the most to the least important ones. 

5. CONCLUSION 

Nowadays, it is necessary to carry out the anodising process in the shortest possible time with achieving high 

level of quality of products. Unfortunately, the process is not always carried out correctly, what may result in 

inadequate parameters of products, including: thickness, grindability and microhadness. Therefore, it is 

necessary to constantly monitor the quality of finished products using a variety of methods and tools, including 

statistical methods. 

Analysis of selected parameters of anodising coating of aluminium finishing strips showed that only two strips 

from entire sample turned out to be defective. It is a result that can be accepted. However, it should be 

emphasized that the philosophy of quality management requires striving for perfection and in the future 

removal all potential con-conformances. 

In order to eliminate the causes of potential non-conformances, the analysis of production process was 

performed. Problems occurred during anodising process were identified. All problems identified in the analysis 

we divided into 6 main groups according to Iskikawa principles. The most important problems in anodising 

process can be the ones categorised into 2 groups: the method (it includes anodising program, the course of 

the process, way of hanging profiles) and man (experience, seniority, qualifications, job satisfaction). 

With the purpose of constant quality assessment many different methods and tools can be used. They enable 

the analysis of results, identification of problems and their effective elimination. Thanks to this, companies can 

prevent the occurring of non-conformances of products in the future and increase customer satisfaction. 
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Abstract 

Sustainable development concept assumes appropriately and consciously configured relationship between 

economic growth, environmental care and quality of life. When a large exploitation of natural resources and 

emerging waste, the problem of the waste utilization became an important thing. An obligation to the waste 

dispose Poland is introduced on 27 April 2001 on Waste with later changes. Also membership in the UE 

imposes such an obligation. In the paper the analysis of the amount of metallurgical wastes generated in the 

production of pig iron was conducted. This data were compared with standards included in reference 

documents for iron and steel production. 

Keywords: Waste, waste management, sustainable development concept 

1. INTRODUCTION 

The steelwork's task is to produce steel of a certain quality and manufacture certain steel products. During the 

ongoing technological process, also other products are created, not always wanted, for example waste. In the 

1970s and 1980s in Poland, most of this waste was deposited in landfills, constituting an ecological threat. In 

the face of these dangers, it is worth developing devices and technologies to manage this waste [1-7]. For this 

purpose, both in the world and in the national blast furnace industry there is a tendency to reuse cheaper 

"waste" fuels and materials as replacements for a part of blast furnace coke and iron-bearing materials, as 

well as the use of blast furnace gas energy. There are needed these which are in line with the principles of 

environmental loading consistent with the Directive of the Council of the European Union 96/61/EU commonly 

referred to as the IPPC Directive and techniques that prevent or reduce pollution. The description of these 

techniques is included in the reference documents (BREFs), indicating the Best Available Techniques (BAT), 

among others for blast furnaces, and developed by Technical Working Groups at the European IPPC Office 

[7,8]. 

In the steelworks with full production cycle, where production begins in the ore processing department, then 

smelting the pig iron and its further processing in steelmaking processes, the waste diversity is greater than in 

the smelter melting scrap in electric furnaces. In the steelworks producing products from a "extraneous" steel 

material this diversity is even smaller [2]. 

By-products from the blast furnace smelting process are: 

• slags, 

• blast furnace gas, 

• blast furnace sludge, 

• blast furnace dust. 
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2. WASTES FROM THE BLAST FURNACE DEPARTMENR OF A SELECTED METALURGICAL 
PLANT INPOLAND 

On the basis of the obtained data from one of the Polish steelworks, the quantity of produced slag and blast 

furnace gas from two blast furnaces of similar capacity in three subsequent years (marked as 1, 2, 3) was 
analyzed. In Figure 1, the amount of blast-furnace iron produced in the analyzed years from two blast furnaces 

(marked as 2 and 3) was presented. 

 

Figure 1 Production of pig iron for three consecutive years from two blast furnaces [own study] 

Based on the analysis of the work data of the furnaces 2 and 3, it was found that the production of pig iron in 

the analyzed period was about 6% higher compared to the previous year, with the average annual production 

of this period at the level of approx. 3.65 million Mg. This annual increase in production is caused by the 

increase in demand for this product in Poland and abroad. 

In Figures 2 and 3, the amount of produced slag and blast furnace gas from the blast furnaces 2 and 3 in 

three subsequent years was presented. 

 

Figure 2 Amount of slag from the blast furnace process for three consecutive years from two blast furnaces 

(No 2 and 3) [own study] 
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Figure 3 Amount of blast furnace gas from the blast-furnace process for three consecutive years from two 

blast furnaces (No 2 and 3) [own study] 

Analyzing the amount of technological slag produced in two subsequent years, it was found that 95% was 

granulated slag, 5% was piece slag, while in the third year analyzed the granulated slag accounted for 100%. 

The granulated slag was sold to the cement plant, where it was used for cement production. The metal pig iron 

with piece slag was used as own scrap, used during the smelting of steel in converters. The produced blast 

furnace gas was fully developed at the plant: 47% was used to heat the blast furnace heaters, 57% in other 

technological processes. 

During the blast furnace process, dust and sludge recovery was carried out during gas dedusting  
(Figures 4 and 5). 

The collected dust originated from pre-dedusting of input materials (83 - 92%) and taken from a static dust 

collector as initial dedusting of off-gases (8 - 17%). In addition, final (water) purification of waste gases was 

carried out, resulting in blast furnace sludge. 

 

Figure 4 Amount of dust from burdening area (n) and static purifier (o) for three consecutive years from two 

blast furnaces (No 2 and 3) [own study] 
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Figure 5 Amount of sludge for three consecutive years from two blast furnaces (No 2 and 3) [own study] 

Average chemical composition of dusts and sludge from the blast-furnace process, which was generated in 
the research period in the steelwork, was presented in Table 1. 

Table 1 Average chemical composition of dusts and sludge from the blast-furnace process (% mass)  

    [own study] 

 Fe FeO Zn S C Pb 

Dust 48.61 9.76 2.68 0 3.02 0.05 

Sludge 15.37 4.17 14.53 1.99 36.91 1.69 

Analyzing the chemical composition of dust and sludge, it was noticed that it is a material rich in iron (including 

iron oxides). It can, therefore, be a input material for the blast furnace process. Blast furnace dusts are entirely 

managed in the ore sinter plant. On the other hand, it is difficult to develop blast furnace sludge, due to its high 

hydration, and above all the chemical composition (a large amount of zinc and lead). One of the methods of 

blast furnace sludge management is its hydrocyclonation (de-zinc treatment). This method is considered the 

Best Available Technique BREF). 

In addition, the amount of sows formed during the blast-furnace process was analyzed in three consecutive 

years. These sows are developed on the smelter site, used as input materials for technological processes 
(Figure 6). 

In case of technology of iron pig production, in the reference documents (BREF) acceptable levels of produced 
waste materials were recorded: slag, dust and sludge (Table 2). 

Table 2 Comparison of blast-furnace slag, dusts, sludge production indexes in Poland and according  

     to the BREF [3] 

 Amount of waste generated in Polish 
steelworks 

Permissible amount of generated waste 
according to BREF 

Unit 

Dust 2.4 - 8.3 6 - 16 kg/Mg of pig iron 

Sludge 1.0 - 14 3 - 5 kg/Mg of pig iron 

Slag 200 - 360 200 - 290 kg/Mg of pig iron 
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Figure 6 Amount of sows for three consecutive years from two blast furnaces (No 2 and 3)  

[own study] 

The slag production index was compared to 1 Mg of pig iron produced in the following three years  
(Figure 7). In the analyzed period, this index ranged from 342 kg / Mg of pig iron to 364 kg / Mg of pig iron. 

The obtained data show that in the examined plant, this index increased in relation to the BREF index (on 

average 290 kg / Mg of pig iron) from 117% to 125%.  

 

Figure 7 Comparison of blast-furnace slag production index for 1 Mg produced pig iron in relation to the 

standards according to the BREF for three consecutive years from two blast furnaces (No 2 and 3)  

[own study] 

On the other hand, for dusts and sludge, these indexes were lower than the BREF standards for the generated 
dusts (Figure 8) and sludge generated during the production of pig iron (Figure 9). 

At the same time, when analyzing the amount of dust and sludge produced per 1 Mg of pig iron produced in a 

selected metallurgical plant, it was noted that they do not exceed the permissible values according to Polish 
standards (Table 2). 
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Figure 8 Comparison of dusts production index  

for 1 Mg produced pig iron in relation to the 

standards according to the BREF for three 

consecutive years from two blast furnaces  

(No 2 and 3) [own study] 

Figure 9 Comparison of sludge production index  

for 1 Mg produced pig iron in relation to the 

standards according to the BREF for three 

consecutive years from two blast furnaces  

(No 2 and 3) [own study] 

3. CONCLUSION 

Some of the Best Available Techniques (BAT) for blast furnaces are a reference point that facilitates the 

assessment of current results achieved at a selected metallurgical plant. Reducing the nuisance for the natural 

environment by the plants is one of the main aspects of Cleaner Production and the so-called "Additional 

economic effect" (utilization of waste). This means that the used technology can be considered Cleaner 

Production and can bring significant benefits to both nature and the enterprise. The methods of waste 

utilization, which were presented in the paper, recommended in relevant European documents are convergent 

with the most important objectives included in the operations of this enterprise. This goal, apart from the ability 

of the steelworks to compete on the European and global markets, is to reduce the negative impact of the plant 

on the natural environment. 

At the same time, the use of waste generated in the plant as input materials for production processes 

contributes to the protection of natural materials and the protection of the natural environment of man. 
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Abstract  

The identification and assessment of the frequency and the power of the influence as well as the results of 

disruptions, are essential problems noticed both by practitioners and theoreticians of flow management in 

supply chains. They are part of a widely discussed problem of the resilience of a supply chain. The sensitivity 

to disruptions of supply chains is growing along with the growth of the customization of products. Customization 

of products, moved from the manufacturing company to the distribution channel, is a chance of reducing 

disruptions resulting from the uncertainty of orders. Consequently, research into strategies of strengthening 

the resilience of the supply chain is important and up-to-date. This paper discusses the strategy of 

strengthening the resilience through production postponement and building network relations with 

subcontractors and participants of distribution channels. Two variants of this strategy were considered and 

their limitations were indicated: customization in trading company and customization in logistics service 

provider. Due to the aim of the research, attention was focused on the material decoupling point of the supply 

chain: assemble-to-order. The adopted research procedure consists of the following stages: the identification 

and the analysis of disruptions (the diary method, the statistical analysis of the obtained results), analysis of 

the effects of disruptions, evaluation of the reliability of logistics processes and sensitivity analysis of policy 

options to fluctuations in demand (simulation modelling in the technique of dynamics of systems). Empirical 

studies concerned the flow of the chosen smelting product - sheet in coils. 

Keywords: Dynamics of systems, assemble to order (ATO), postponement production, disruptions, strategy 

1. INTRODUCTION  

Distribution channels are subject to continuous evolution which is a result of both the technological 

development (e.g. omni-channels resulting from the development of internet technologies) and changing 

customers' needs. For many years now, it has been indicated that one of the key determinants of the final 

goods flow is product customization [1]. Product differentiation, which is a response to this megatrend can be 

realized both in industrial and commercial enterprises, and sometimes even in logistic ones. The differentiation 

is a precondition of postponed production in which finishing of every product is realized at the last stage of the 

manufacturing process postponed until real orders are placed [2]. However, not every differentiation requires 

the strategy of postponed production. Secondly, an alternative solution involves modular products which can 

be configured in the distribution channel from modules indicated in the customer's order. Therefore, the needs 

and product designing are key factors decisive about the production system and the structure of the supply 

chain. The characterization of the value chain and product variants (the differentiation degree) indicate the 

type of the production system and the type of the organization of material flows.  

Based on a review of the literature [3], the following variants of product differentiation can be indicated:  

• differentiation (adaptation) of the option of deliveries for standard products (logistic differentiation), 

• creating products which can be differentiated at different stages of creating the value added (productive 

differentiation), 
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• differentiation of delivery points, including intensive distribution, many various participants of distribution 

channels and the differentiation of methods of sale stimulation (marketing differentiation). 

The fulfilment of product differentiation in a chain link of the distribution channel, according to the variant of 

postponed production realized in the distribution channel, which is analysed in this paper, can require network 

relations from this chain link. This results from the need to increase the potential of complementary resources 

because the more strongly differentiated the product is in the distribution channel, the more difficult it is for a 

distribution enterprise to provide the required flexibility of resources which will enable execution of all tasks of 

postponed production, especially that usually the execution of tasks of postponed production is not a key 

competence of a distribution enterprise.  

The degree of product differentiation significantly affects the decision about subcontracting of tasks of 

postponed production, increases the network of distribution channels. The growth of the number of tasks 

executed in cooperation is a potential generator of new disruptions in material flows. Consequently, decisions 

about the width of the distribution network must be confronted with the resilience of this system to disruptions. 

Both the degree of product differentiation and the position in a supply chain in which the differentiation is 

realized, affect the sensibility of a supply chain and consequently the choice of variants for strengthening 

resilience. Consequently, it can be acknowledged that investigation into the thresholds of product 

differentiation, taking into account the degree of differentiation perceived by the customer as essential (thus 

allowing gaining the competitive advantage) with relation to the overall costs connected with both the 

manufacturing and the logistic process required in product differentiation, are and will be one of the key 

directions in the area of management of a supply chain.  

Adopting this direction of research, the authors of the paper analysed two variants of the differentiation of sheet 

metal in the distribution channel. In the first variant the sheet metal is differentiated at the level of a service 

centre. In this model, the distribution enterprise possesses flexible resources which allow and builds relations 

with subcontractors in order to increase the complexity of offered services. The degree of the differentiation of 

the form of a product was defined in this model as large but the degree of logistic differentiation as low. In the 

second variant differentiation proceeds in a logistic enterprise. The organization has resources of not very 

large flexibility, allowing exclusively cutting sheet metal in circles. However, a strong differentiation can be 

noticed in the organization of logistic processes connected with both the stock and transport management. In 

this range, the organization builds network relations with subcontractors. In both organizations differentiation 

processes were analysed from the perspective of the system flexibility, the authors measured disruptions in 

the finished products flow and analysed variants of strengthening the resilience.  

2. THE FLEXIBILITY OF DISTRIBUTION SYSTEMS  

The flexibility of a distribution system is indicated in the literature generally as a strategy of strengthening the 

resilience [4,5] and the authors consider it as a sort of limitation of negative impact of demand fluctuations on 

the performed processes. The flexibility of resources becomes critical to ensure the implementation of 

changing recipients’ needs. In the research presented in the literature it can be noted that the more competitive 

the market, the more investments in flexible resources are present. Therefore, the enterprises must constantly 

modify and alter the product, which is difficult when having dedicated resources. On the other hand, strong 

competition within the sector does not favour sourcing resources by way of co-opetition. 

When analyzing the literature in terms of partial flexibility in manufacturing and logistics systems, it must be 

noticed that originally it focuses mostly on manufacturing flexibility [6,7]. It is expressed in several dimensions, 

such as flexibility of machinery usage, usage of human resources and manufacturing capacity or the manners 

of particular components production [8]. Flexibility is also analyzed in the context of flow management inside 

the enterprise and from the point of view of engagement of particular functions (for example, marketing, 

research and development). Modern research in the scope of manufacturing and logistics flexible systems 
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formation underline the importance of network relations as a key resource influencing the configuration of 

flexibility components. Therefore, flexibility should be considered in a wider scope, in reference to supply chain 

or distribution networks, sourcing networks or production networks. 

Flexibility of a supply chain is the ability of an enterprise to manage its processes, deliveries and customers in 

such a way that will allow responding effectively to sudden changes in deliveries, product and demand [9]. 

Within this meaning, several components of flexibility are specified, each of which refers to different type of 

hazards to which the supply chain is exposed [10]: operational flexibility is understood as the ability to adjust 

the chain resources to the changing customer demands, ,arket flexibility covers the ability to build various 

relations with customers and to develop a new product with them by way of partnership, logistic flexibility that 

is to ensure efficient product supply in case of changes to recipients and suppliers’ localization, in view of 

globalization and deferring strategy, supply flexibility; it is manifested by apt reconfiguration of upper supply 

chain depending of the customers’ need and changes in demand, organizational flexibility is about such 

adjustment of company’s structure and shaping employees’ abilities that will allow to successfully meet the 

customers’ demands, information systems flexibility means designing these systems for them to meet the 

demands of supply chain in terms of information exchange and data sharing about current sales.  

The variety of possibilities to form the flexibility of distribution systems leads to accepting the assumption that 

there is not one solution which universally strengthens the resilience of supply chains of products with delayed 

differentiation. The indicated potential threats, connected with formation of the flexibility through a surplus of 

network relations, connected with generating additional disruptions, are examples which indicate the need for 

detailed analysis of each variant. Disruptions, understood as events causing effects in the form of deviations 

in the performed processes, should be measured systematically and analysed not only in the expression of 

the frequency of appearance but also the effects on the executed processes.  

This study adopts a methodology involving measurement of disruptions in each object based on the diary 

method (questionnaires for measuring disruptions by workers every day in real time for 3 months, together 

with indicating their reasons and effects), a statistical analysis of the diary research findings, a simulation 

analysis of variants of strengthening the resilience for both models of differentiation. The aim of the simulation 

analysis was to assess the sensibility of the investigated distribution systems on demand fluctuations.  

3. THE RESILIENCE OF DISTRIBUTION SYSTEMS OF SHEET METAL  

The designed model is a system comprising interrelated elements that influence one another over time and 

that are subject to demand uncertainties and disruptions in flow, therefore, one can identify elements of the 

model and its dynamics (changeability over time). The market dynamics causes that even the best selected 

components of the strategy and their rational interrelations are not permanent [11]. In accordance with the 

logic of management system dynamics, elements of a comprehensive system, which is a system composed 

of organizations cooperating within a network, create relations that strengthen or diminish the effects of events 

disrupting the system operation by way of feedback or relations’ complexity. 

Table 1 presents the collective results of simulation experiments for demand fluctuations up to 20% and above 

20% in a model with a distribution centre and in a model with a service centre. 

The model with a service centre takes into account 4 product variants: Product variant CS1 - product after 

operation 1, product variant CS2 - product after operation 1 and 2, product variant CS3 - product after operation 

1-2-3, product variant CS4 - product after operation 1-3. Each product variant is characterized by a different 

demand characterization, moreover, the limited resource 1 is used in each variant. Subcontracting concerns 

solely operation 2 and 3.  

In the distribution network configured according to model 2 (the distribution centre), 2 product variants are 

sold: variant CL1 - the base product, on which postponed production tasks are not executed, and variant CL2 

- execution of an operation identical with operation 1 in a model with a service centre. This model includes a 
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limit of resource connected with the execution of the postponed production strategy. Due to the fact that the 

distribution centre did not established network relations as regards the scope of the execution of postponed 

production tasks, orders exceeding the production capacities of the resource are not fulfilled punctually and 

completely.  

Table 1 The results of simulation experiments 

Fluctuations    

Delivery 
reliability 
indicator (ICD) 

Product variant Up to 20% (stable demand) Over 20% (unstable demand) 

Service 
centre 

 

Operation 1 (product 
variant CS1) 

 

 

Operation 1-2 (product 
variant CS2) 

 

 

Operation 1-2-3- 
(product variant CS3) 

 

 

Operation 1-3 (product 
variant CS4) 

 

 

 

 

Distribution 
centre 

Base product (product 
variant CL1) 

 

 

Operation 1 (product 
variant CL2) 

A rational selection of flexibility level assumed that having high level of reliability indicator (above 0.75), a key 

criterion deciding on the variant selection are logistic costs. Efforts were made to choose decisive variant that 

ensures the lowest costs and reducing the level of orders implemented inconsistently with the agreement.  

This research indicates a higher resilience of distribution system configured on the basis of the model with a 

service centre despite its bigger complexity. As regards demand with slight fluctuations, both the first and the 

second model, with all product variants, maintain the appointed reliability standard, not falling below 75% of 

orders realized completely and punctually.  

The strategies of strengthening the resilience proposed by those two subjects are different and result from the 

network maturity of those organizations in the distribution sector of metallurgic products. The centre service, 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

2018 

which is a commercial enterprise carrying out the process of selling metallurgic products, participated in 

changes in the distribution sector of metallurgic products from the beginning of the restructuring of the Polish 

metallurgy. This organization strengthens the resilience through flexible resources allowing combination of 

different tasks of postponed production and formation of relations with subcontractors of postponed production 

tasks. Network relations are unusually essential for this organization. These are both relations formalized by 

cooperation contracts and informal ones, based on trust strengthened by long-term cooperation in the network.  

Relations with transport enterprises are a definitely weak aspect indicated in this particular case. It is so 

because disruptions which arise at the last stage of product delivery to the customer directly result in worsening 

of customer satisfaction as there are no chances to suppress their results. In the case of disruptions such as 

unpunctual delivery of the base product (appearing with the greatest frequency), the results are not so serious 

as in other disruptions because both the strategies of the surplus of the reserve of the base product and the 

strategy of the surplus of network relations successfully allow compensating disruptions inside the service 

centre. The network is not strongly developed, which translates into a high reliability of executed disruptions. 

The strategy adopted in this manner increase the flexibility of the system and allows responding to exogenous 

disruptions. Disruptions in flows between the service centre and subcontractors are not dominant and are 

compensated by the service centre.  

The distribution centre realizes the strategy of the surplus of the base product and simultaneously forms its 

network relations with transport enterprises. This variant is compatible with one of the strategies of 

strengthening the resilience - flexible transport networks. The strategy adopted in this manner allows very good 

compensation of disruptions in the variant of selling the product which is not personalized (in the investigated 

organization such orders involve over 70% of all orders). For products customized through cut, flexible 

transport networks do not sufficiently compensate disruptions in the conditions of strong demand fluctuations. 

Consequently, such a state translates into an increase in the number of orders fulfilled incompletely and 

unpunctually. It must also be stressed that the investigated organization is a relatively new participant of the 

distribution network of metallurgic products and has a considerably smaller network maturity than the service 

centre. Simultaneously, this is an enterprise offering logistic services regarding storage and completion of 

orders and this range is a key competence of this organization. 

4. CONCLUSIONS 

Product customization in distribution channels requires flexible systems that are resilient to disruptions and 

consistent in reliable delivery of product indicated by the customer to the right place at the right time. 

The strategy of the service centre provides higher product flexibility and the strategy of the logistic centre 

ensures higher quantitative and temporal flexibility. As regards the service centre, the surplus of network 

relations is an essential strategy of suppressing such disruptions as those indicated in the analysis: lack of 

accessibility of products with parameters determined by the customer, incomplete delivery of the base 

products. 

The indicated results induce to continue and deepen research into the sensibilities of both models to 

disruptions in material flows because network ability is still an essential competence of distribution enterprises, 

however, it is determined by the atmosphere of cooperation. Research will be continued in this area soon. 
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Abstract 

The article presents a method of defining costs of a gradual shaft production process using FlexSim simulation 

software. One of the key concepts used in the article is a computer simulation, which is necessary for the 

efficient and quick implementation of this type of research. The objective of the article was to determine the 

costs of the production process at a given size of the production lot and to present the possibilities of FlexSim 

software. To create a computer simulation, first a product that will be produced must be chosen. Then, the 

positions on the program's working field are selected and placed. The next step is to set the parameters of the 

machines or positions, and finally to perform a simulation. Conducted simulation showed, that the biggest costs 

are generated by lathes and milling machines, while the lowest - by quality control station. Thanks to the 

experiment, it is possible to determine how to reorganize the production process in a way enabling cost 

minimization. Moreover, it has been demonstrated that computer simulation allows to illustrate the virtual 

production process with the lack of risks associated with the real process, as well as it enables analysis of 

individual results and subsequent optimization. 

Keywords: Computer simulation, FlexSim, flexible simulation, costs, production, gradual shaft 

1. INTRODUCTION 

Nowadays, the quality of services is of the primary importance for customers. High quality products, low price 

or quick delivery are just a few of the many features that characterize the demand for a given product, also in 

the machine industry. Production enterprises, in order to adapt to those standards, strive to meet the conditions 

set by buyers. It is a logical and conscious operation of enterprises. If the manufactured item is cheap and of 

high-quality, the company will automatically gain a desired reputation. Today, thanks to the development of 

technology, we have a number of tools allowing for virtual production planning. One of the tools used to solve 

these problems is the so-called computer simulation [1,2,3]. 

2. APPLICATION OF COMPUTER SMULATIONS IN PRODUCTION PROCESSES 

The production process is the entirety of intentional activities, that lead to gradually occurring changes in the 

subject of work, thanks to which, successively, similarity to the intended product can be observed [4]. As a 

consequence, if all necessary elements have been generated, a previously designed product or group of 

products is obtained, assuming that they can be changed if necessary. The production process is carried out 

according to certain rules at a given time. It should be implemented in order to maximize production efficiency 

[5]. Due to numerous changes during the production process, such as the change in the number of pieces of 

the produced product, accurate planning of the production process seems to be difficult. The complexity of the 

production process causes the successful companies today to use methods that make it possible to control 

their work. One of the best tools to solve such problems is the so-called computer simulation [6]. 

Simulation modelling allows to organize all complex production operations in the right order, which translates 

into the correct course of the process, and finally the efficiency of production. Computer simulation allows for 

a wide range of activities related to production planning. Computer simulations can be used in production 
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processes implemented in real-time, i.e. current production, but also to simulate a process or production stage 

that can be used in the future [7]. 

In order for the simulation modelling process to proceed properly, specific information, that directly affects the 

production process, should be entered into the simulation software [1]. That includes: 

• type of production flow, 

• plan for the deployment of production sites, 

• stockpile management, 

• assessment of the amount of input materials, 

• production plan, 

• supply management. 

Input of the necessary data into the software allows for a real reflection of the given production process [8]. 

3. COMPUTER SIMULATION OF THE GRADUAL SHAFT PRODUCTION PROCESS 

The aim of simulation modelling was to determine the costs of the production process, at a given size of the 

production lot. The analysed production process was a production of gradual shafts, carried out in the number 

of 100 pieces. The shaft is a part of the machine, most often in the shape of a cylinder, rotating around its own 

axis together with the elements mounted on it, used to transfer the torque. Elements of the shaft are tenons 

on which there is contact with other elements, free surfaces, i.e. transition surfaces, rings and flanges, i.e. 

support surfaces for elements mounted on shafts, a movable pivot, i.e. a fixed element, sliding during work, 

and resting spigots, which are not movable during work. Shafts are usually made of carbon steel, alloy steels 

or spheroidal cast irons. 

In computer simulation, it is of crucial importance to perform certain activities in a chronological manner. At the 

outset of the experiment, elements that participate in the production process had to be chosen and arranged 
in the work area in a logical way, in order to maintain the continuity of production (Figure 1). 

 
Figure 1 The arrangement of devices on the working area in the FlexSim program [own study] 

The next step was to define parameters characterizing the work of the given elements, i.e. time and cost 
(Table 1 and 2). 
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Table 1 Duration of the operation in production process [own study] 

Operation number Operation Work station Duration (h) 

10 Cutting Saw 0.07 

20 Rough turning Lathe 0.8 

30 Shape turning Lathe 0.62 

40 Groove milling Miller 0.48 

50 Grinding Grinder 0.12 

60 Quality control Quality control 0.02 

Table 2 Production costs at the given work station [own study] 

No. Work station Number of stations Costs at the station (PLN) 

1 Saw 1 30 

2 Lathe 4 50 

3 Miller 1 50 

4 Grinder 1 40 

5 Quality control 1 25 

The final and most important stage of the computer simulation was to achieve the goal of defining the costs of 

the production process. For this purpose, simulations of the manufacturing process were implemented using 

previously determined parameters. 

3.1. Results analysis 

After the simulation, a dialog window with results was obtained (Figure 2). 

 
Figure 2 Financial analysis of production [own study]  
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As the Figure 2 shows, the software does not only calculate the total cost of production, but also costs 

produced by each device. This is useful in further production analysis, if, for example, there is a need to cut 

costs at a particular position, at the expense of extending the production process time or vice versa. The total 

production cost according to the simulation is 14,162.72 $. Analysing the above results, it was noticed that the 

biggest costs are generated by lathes along with the milling machine. The lowest on the other hand are 

generated by the quality control position. If the company would like to economize the production process, it 

should focus on lathes and consider whether instead of 4, it could use 3 of them. In order to verify it, another 

simulation shall be carried out based on changed parameters and later both simulations must be compared to 

see which option is more profitable. 

4. CONCLUSION 

Results of the simulation, accordingly to the primary assumption, are mapped to the existing objects. The 

obtained results give values comparable to those found on real objects. FlexSim software is a great and easy-

to-use tool that allows to perform computer simulations effectively. It makes it possible to track the production 

process in real time, which is helpful in illustrating what can be improved at a given stage. The simulation 

process is quicker than real one, which gives the opportunity to simulate various variants of the production 

process and determine the costs of their implementation. Thanks to the simulation carried out in the FlexSim 

program, one could answer a number of questions or make decisions that may otherwise be too costy or risky 

in the real production process. In summary, the program gives an opportunity to ask an important question 

"what would happen if" and to evaluate solutions to potential problems in order to see if they are likely to 

succeed. It could be a base for designers who can optimize the processes on the basis of the conducted 

simulations. The tests carried out on the model given the expected results. That confirms the correctness of 

the operation of the created models. 
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Abstract 

This article identifies requirements and conditions for choosing and implementation of appropriate information 

system for production tracking and evidence in company producing tubular products. The article defines topic 

of optimal customization of production tracking information system taking into consideration: type of production 

machine, detail of production tracking, type of tracked data, interval of tracking, reporting requirements and 

technological possibilities for production tracking. The article is prepared based on practical experiences with 

preparation and implementation of information system for production tracking and evidence in tubular 

production. The article defines requirements for such an information system and its data structures that are 

not easily accessible in literature and are key for successful and effective implementation of this information 

system. 

Keywords: Operative evidence, tubular products, track production, production tracking, MES 

1. INTRODUCTION 

Operative evidence is a basic tool, which enables the enterprise to obtain a feedback about running production, 

about a state of storage reserves of the production materials and about the reserves of its own production 

(production in progress, semi-finished products and finished products). Unknowing this information, it is not 

possible to correct the running production process depending on conditions in production. Aim of this article is 

to choose a suitable detail for production tracking, which will provide all necessary information, but - at the 

same time - will not uselessly decrease the effectiveness of the production process. The detail of production 

tracking can be also changed during the course of the production process. At the present, there is a lot of 

accessible information systems and technologies, which can simplify and systematize the operative evidence 

and this article will identify which are the most appropriate for tubular production. 

2. PRODUCTION TRACKING WITHIN OPERATIVE EVIDENCE 

Production tracking within operative evidence should cover completely all production steps so that the 

management had a possibility in any moment to obtain a complete image about the state of production both 

in general and for partial products and orders. Integral part is tracking of the storage management from the 

material consumption for the production to the dispatch of the finished products. Prior to the proper 

implementation of the information system for the production tracking, it is necessary to ensure that the 

company's management will reply to the question which types of information it needs for effective decision-

making. These requirements for information are, then, handed-over to an implementation company or to the 

internal IT team, which will propose a suitable solution with the use of particular information system for 

operative evidence including production tracking and data gathering. Without a clear definition of the aims of 

such a project, the company hazards that the final solution will not bring the expected benefits [1].  
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Questions, which must be answered before the proper implementation of the information system for operative 

evidence: 

• From which production devices and for which production steps do we need to track the production? 

• For which detail do we want to track the production? 

• What are the information that we want to gather and its structure?  

• With which time intervals do we need to track the production? 

• Which requirements are there on the outputs? Which reports do we need? 

• For which groups of users the data have to be available? 

• Which technologies do we want to use for production tracking? 

The ideal information system for production tracking provides data in such a time interval, a detail, quality and 

a form, which enable quick and effective reactions for the changes of the conditions in production and which 

provide a sufficient data base for the evaluation of the production effectiveness and accompanied logistics 

processes.  

3. SELECTION OF PRODUCTION DEVICES AND PRODUCTION STEPS FOR PRODUCTION 
TRACKING 

Ideally, all production stages and steps should be tracked. It is possible to identify the appropriate method of 

tracking the production and gathering production data almost for any production equipment. In certain cases, 

however, costs for the implementation of such an information system can be too high compared with a value 

of information provided by this system. That's why a proposal should be developed prior to the proper 

implementation of information system, which will clearly show which types of data gathering can be used for 

production tracking and which costs will be generated by this implementation. The company's management 

must determine the value of information, which can be obtained by this information system and to compare 

this value with the costs related to the implementation of this solution [2].  

4. SELECTION OF PRODUCT DETAIL FOR PRODUCTION TRACKING 

As far as a decision about where production data will be collected within the production process is made, it is 

also necessary to reply to a question for what the lowest product detail these data will be collected. As an 

example, the production of seamless tubes can be mentioned, where production is tracked in a different detail 

in dependence on the manufactured products. For example, during production of casing tubes for oil wells, 

each separate tube must be tracked, since each tube has to bear precise information about which production 
steps were performed on it and also which results were reached during nondestructive testing. The opposite 

of these tubes are the structural tubes, for which the standard doesn't require so strict production tracking and 

testing, and such tubes are tracked in a detail of a production or dispatch bundle, which bears all necessary 

information on its overall weight, length, a number of pieces and performed production operations. The 

diameter of the tubes is also important here. It is easy to track and implement each separate tube into the 

system for big diameters; and - on the contrary - it is not possible for small diameters without using of advance 

technology, as well as without a significant increase of labor consumption or without decelerating the 

production flow, which can be even ten-fold quicker than in case of the big tubes [3]. 

As is clear from this example, the choice of appropriate product detail for production tracking can be dependent 

on extern influences such as a request of the market for a particular product, or on internal influences, where 

tracking of each separate tube in case of small diameters would be ineffective and when it is enough for the 

management to track the production only for separate bundles which contain homogeneous products [4]. 
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5. SELECTION OF TIME INTERVAL FOR PRODUCTION TRACKING 

The management must here weigh in which interval the production tracking must provide data for the 

information system for operative evidence. Ideally, it is on-line tracking providing immediate view to the course 

of production and enabling an immediate reaction for any unexpected circumstances. A disadvantage of online 

tracking is that the data are continually changed and their use for reporting is problematic. For example, 

information on the entire production for a particular date can be subject of corrections due to circumstances 

which are not "seen" by the tracking system, but which must be considered for the purpose of operative 

evidencing.  

In the case of manually entered data, it is also not effective, for example, to enter reasons of each failure 

immediately after its origination. The information system records a downtime, but its classifying with detailed 

reasoning of downtime is performed, for example, by the head of the production department once a day. By 

this, it will also ensure the quality of the provided feedback, which - in case of entering data by production 

operators - doesn't need to be adequate. 

In general, it can be said that the collection of the data from production for operative evidence information 

system should go on automatically and with the shortest time interval so that reactions on the changes in the 

production were effective. In manually entered data, by contract, it is suitable to choose a time interval which 

will ensure their sufficient quality and will not uselessly load production operators [5,6].  

6. REQUIREMENTS FOR OUTPUTS OF OPERATIVE EVIDENCE 

Another very important step is to define which outputs of operative evidence - i.e. the system for production 

tracking - are expected by the management. These outputs can be, for example, on-line view to the state of 

the running production, displaying of the actual state of the finished production, displaying of the state of the 

semi-finished production in front of a particular production device, displaying of the daily report of the finished 

production, displaying of the development of the failure rate on the given device, and so on. It is necessary to 

define for each such a report which data should be displayed, in which structure and for which period of time. 

Based on these requirements, the supplier of the system for production tracking can propose a corresponding 

data structure, which will ensure a possibility of creation of the required reports. On the basis of these 

requirements, demands for the storage of the historical data can be deduced so that they were available for 

later analyzing. It is necessary to remember here that production tracking systems are preferably focused on 

displaying the actual situation in production, and only secondarily on the collection of the historical data for 

later analyzing [7,8].  

7. POSSIBILITIES FOR PRODUCTION TRACKING AND DATA GATHERING 

As soon as all above-mentioned requirements for functionalities and outputs for the production tracking 

information systems are defined, it is possible to begin to select suitable technological solution which will 

ensure the proper production tracking. Selection of right technological solution depends on many 

circumstances and can provide different levels of automation. The basic possibility is to enter data on the 

running production into the system manually. In this case, an employee - after finishing a production step - 

confirms this fact in the system for the given order and adds quantity. This step can be partially automatized, 

for example, by using the bar-codes (EAN), which are used for the identification of the given order, bundle and 

operation. Reading of these bar-codes can be manual or automatized. The bar-codes can be replaced by a 

technology for the close communication, and the order, thus, can be automatically identified and its passing 

through the given production step can be confirmed [9]. 

To collect information on the state of separate production devices, sensors scanning movements, temperature, 

pressure and other technical parameters can be used. These data can be used for the analyses focused on 
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optimizing the production process and debugging separate devices, as well as for planning well-timed 

maintenance, which will help to prevent from possible failures [10].  

8. CONCLUSION 

Prior to proper choosing and implementing an information system for production tracking system within 

operative evidence, it is necessary to define requirements for this system, condition for data gathering and 

data structures. These requirements will be different depending on type of the production process and type of 

the manufactured products.  

Part of these requirements and conditions are: 

• Define work centers where we will track production and gather data.  

• Define product detail for which we will track production.  

• Define time interval for production tracking.  

• Define requirements for reporting.  

• Define methods and technical solutions for automated or manual data gathering and evaluating benefits 
and costs of such solutions.  

Based on these requirements and conditions, the supplier of this system, thus, will be able to propose 

appropriate customization of information system for data tracking and data gathering including required data 

structures which will be saved in the databases for reporting and later analyzing. The information system then 

can track both data on the running production and data describing the state of particular devices. The obtained 

information can be consequently used for the optimization of the production process and for planning 

maintenance of separate devices. 
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Abstract  

The publication presents the most important quality determinants in the metalworking industry. It discusses 

the structure of processes involved in the technology of metals. The purpose of the publication is to identify 

the quality determinants for this processes and to identify the main parameters defining quality in the discussed 

industry. On this basis, criteria for assessing the effectiveness of the quality management system that can be 

applied in the metalworking industry have been proposed. During the analysis of technological quality 

determinants, the following processes were analyzed: cutting, turning, planning and chiseling, pulling and 

pushing, drilling, countersinking, reaming, milling, machining of helical surfaces, machining of screw surfaces, 

abrasive machining, grinding, honing and oscillating superfinishing, lapping and abrasive polishing, rotational 

and vibratory smoothing of containers, treatment of loose abrasive grains, erosion treatment, electroerosion 

treatment, electrochemical treatment, blasting, protective and decorative coatings, metal protective coatings, 

inorganic protective coatings, organic protective coatings. 

Keywords: Quality determinants, metalworking industry, process quality, product quality, quality  

         management system  

1. INTRODUCTION  

Manufacturers operating in the metalworking industry are constantly facing numerous challenges related to 

the quality of the product. This challenges are a direct consequence of constantly growing customer’s 

requirements and associated pressure to continuously improve business efficiency. In this context, 

metalworking industry is a very important sector from the point of view of quality management, because it 

applies the methods and tools of quality management aimed at improving the quality of its products. Thereby 

it is interesting to identify the determinants of quality in this industry which can be further used to formulate 

measuring criteria of the quality management system effectiveness. 

The purpose of the publication is to identify the determinants of quality for processes and to identify the main 

parameters defining quality in the discussed industry. On this basis, criteria for assessing the effectiveness of 

the quality management system have been proposed that can be applied in the metalworking industry. The 

added value of the paper is identification of quality determinants in metalworking industry. In the literature is 

only description of the main quality determinants for production processes not especially for metalworking 

industry. Also up till now didn’t existed conception how to asset quality management system in metalworking 

industry.  
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2. TECHNOLOGICAL QUALITY DETERMINANTS IN METALWORKING ENTERPRISE 

The structure of processes included in metalworking industry determines its interdisciplinary character. Despite 

many years of development of this science and technology discipline, still many phenomena determining the 

success of processes are not fully explored. An interesting research concept is the use of the plastic 

consolidation process for the production of new composite materials and recycling of small metallic forms [1]. 

Authors in the researches try to determine various variables connected with material production processes as: 

temperature [2], structure characteristic [3], structure evolution [4], strength [5], recycling possibility [6], 

mechanical properties [7] or potential reuse of product [8] Research works aim to understand and explain the 

physical phenomena that accompany metalworking processes and formulate relations occurring between 

processed material and the process parameters [9]. To do this there is indispensable to use benchmarking 

methods [10] to analyze quality management systems between the companies [11]. In literature there are 

some examples [12] of this type of analysis in the metal industry [13].  

These processes cannot be considered only in the context of the requirements of manufacturing technology 

and predefined parameters. This is due to a number of factors which do not relate to material treatment process 

itself, but refer to [14-16]: 

• selection, storage, identification and quality of materials used, 

• qualifications and experience of the staff, 

• principles of cooperation with external entities involved especially in forming and improving processes, 

• principles of validation of technological processes, 

• selection and technical condition of used machines and tools, 

• environments in which metalworking processes are carried out, 

• organization of metalworking processes understood as a sequence of operations together with 

accompanying technical and process documentation as well as visual identification, 

• monitoring the process status and preventing loss of control over its parameters and downtime costs, 

• organization of control, 

• the use of control and measurement equipment with a defined metrological status. 

The above list indicates that the determinants of quality for these processes will be included in a wide spectrum, 

more appropriate for quality management than for quality assurance. Because of this taking into account 

knowledge in both management and engineering of industrial processes is a necessity. The historical 

development of quality management which have its genesis in the metalworking industry, teaches that the 

selective approach to metalworking processes deprived of management aspects usually resulted in the loss 

of economic profitability of production or inability to achieve the desired quality on a large scale of production. 

Table 1 presents the basic processes specific to individual technologies included in the discipline of Machine 

Technology together with the determinants of quality respectively in technical, technological and organizational 

terms. The table was prepared on the basis of literature analysis and interviews with employees from the metal 

processing industry. We conduct our survey in 2016 in the metalworking industry. We asked 60 engineers 

working in metalworking industry in Polish organizations. The all organization had quality management 

systems according to ISO 9001 requirements. 
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Table 1 Quality Determinants of Technology in the metalworking industry  

Process 
Quality Determinants of Technology in the metalworking 
industry  

Main parameters defining 
quality 

Machining 
Machine cutting Proper representation of cutting edge contour on object surface 

with deviations from the ideal contour - as a result of the 
progressive blade wear. 
Trajectory correctness of the object and tool during mutual 
movement. 
Vibrations of the machining system (e.g. vibrations transmitted by 
the machine tool foundations, disruptions in the hydraulic system 
operation, power disturbances, and many others) and affecting the 
surface waviness. 
Inaccuracies of the machine - causing shape errors. 
Heat dissipation from the machining system, the more effective the 
smaller the metallographic transformations in the workpiece and 
the longer life of the tools. 
Tool feed speed - the larger the tool, the shorter the contact with 
the material and the smaller metallographic transformations of the 
workpiece surface. 

Tolerance limits, 
Shape compliance, 
Surface roughness, 

Undulation, 
Thickness, Texture, 

microhardness and hardness 
profile in near-surface layer  

 

Turning The blade shape function and feed speed largely defines the 
surface roughness an object while at the same time plasticity of the 
material and the machining system vibrations has only small 
influence on this parameter. 

Roudness error,  
Cylindricity Error, 

Surface roughness. 

Planing and 
chiselling  

The number of strokes per unit of time determines the wear of the 
blade, which affects the dimension tolerance. 
The motion speed, selection of the cutting fluid and cutting force 
determine the surface roughness. 

Dimension Tolerance, 
Surface roughness. 

Pull broaching  
and push 
broaching 

The dimensional deviation depends largely on the tool condition. 
Roughness depends on the type of machined material, thickness 
of machined layer, cutting speed and the type of cutting fluid. 

Dimension Tolerance, 
Surface roughness. 

Drilling, reboring, 
deepening, 

reaming 

The use of tools positioning the drill in the initial drilling phase 
affects the position of the hole. 
The choice of machining liquid has a significant impact on chip 
removal and cooling of the hole, which affects the dimensional 
deviation and condition of the surface. 

Dimension Tolerance, 
Hole shape, 

Hole location, 
Surface condition. 

Milling The surface roughness depends on the value of the blade feed 
function. 
The radial run-out of the cutter blade affects shape and position 
errors. 
Moving of milling cutter rotation axis in relation to the milling axis 
leads to a flatness error. 
The lack of stability of the machining system affects the stereometry 
errors and the formation of marks on the blades. 
The feed speed affects the dimensional deviation and surface 
roughness. 

Dimension Tolerance, 
Surface roughness, 
Shape and position 

geometrical compliance, 
Surface flatness, 

Stereometric parameters. 

Production of 
gearwheel 

Selection of speed and cutting power, 
Angle and mill pitch, 
The value of feed per blade. 

pressure angle compliance, 
tooth shape compliance, 
Dimension Tolerance. 

Helical machining Type of tool, 
Selection of thread cutting speed, 
Tool feed, 
Tool outline - thread profile errors increase both with increasing 
lead angle of the thread and mill diameter increasing. 
Selection of processing fluid. 

Thread contour compliance, 
Thread accuracy class 
Direction of thread lead 

 

Grinding Changes in cross-feed value results in roughness alteration. 
Increasing the peripheral speed of the workpiece causes a slight 
decrease in the roughness value, with a significant increase in the 
wear of the grinding wheel. 
The use of grinding wheels with a smaller diamond particle size 
leads to a surface with lower roughness. 
The use of opposite rotation direction of the grinding wheel 
and a table results in increase of surface roughness. 

Surface roughness, 
Abrasive material waste 

Material plastic deformation 
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Table 1 Continue 

Process 
Quality Determinants of Technology in the metalworking 
industry  

Main parameters defining 
quality 

Machining 
Honing and 

Oscillating honing 
 

Pressure, 
Grain size, 
Honing direction, 
Selection of process kinematics and cooling liquid. 

Surface roughness  
Honing performance. 

Lapping and 
abrasive polishing 

Grain size, 
Selection of the amplitude of oscillations, 
Frequency of oscillation, 
Filtration of the cooling liquid. 

Surface roughness  
 

Rotation and 
vibration adjusting 

Angular speed of the container, 
Selection of abrasive shapes, 
Selection of chemicals. 
Filtration of the cooling liquid. 

Surface roughness . 
 

Loose abrasive 
grain processing  

Selection of abrasive material, 
The selection of bearing materials 
Air pressure in the sprinkler. 

Surface roughness . 
 

Erosion machining  
Electrical 
discharge 
machining 

Limit voltage, 
Intensity of discharge, 
Discharge time, 
Selection of working fluid. 

Material volume removed by 
single impulse 

Surface representation error 

Electrochemical 
machining 

 

Electrolyte selection suitable to electrical current conductivity, 
Overpressure and electrolyte flow rate through the gap, 
Selection of resin for surface isolation, 
Selection of the shape for the assumed geometry. 

Stereometric structure 
Microstructure, 

Surface roughness . 
 

Blasting work Selection of feed speed and laser power appropriate to material 
physical parameters - surface reflexivity, heat of fusion, heat of 
evaporation. 

Shape and size accuracy 
Edges hardening, 

Surface layer state. 
Protective and decorative coating   

Metal protective 
coating 

Duration of electrolysis, 
DC voltage, 
Electrolyte temperature, 
Thermostat efficiency, 
Electrolyte composition. 

Layer thickness. 

Inorganic 
protective coating  

Burnout temperature of the enamel coating, 
The condition of the surface of the material before applying the 
coating, 
Selection of the spray coating technique. 

Enamel coating thickness 

Organic protective 
coating 

Surface cleanness of the material before applying the coating, 
The choice of the surface cleaning method before applying the 
coating, 
PH control of the solvent in a water bath or temperature in the case 
of thermal treatment. 

Coating thickness, 
Surface roughness, 
Color compliance, 
Surface uniformity 

On basis of: [17,18]. 

4.  ASSESSING CRITERIA OF THE QUALITY MANAGEMENT SYSTEM EFFECTIVENESS IN 
METALWORK INDUSTRY 

To assess the Quality Management Systems in metalwork industry it needs to determine proper criteria. To 

do this we conduct expert analysis. We send 50 surveys to specialist in the field of quality management (25 

from scientific fields and 25 practices). They chose criteria from the list end on the basis of their chose we 

prepare the list of criteria useful to assets the quality management systems in metalworking industry. 

If it is assumed that the main purpose of the company operating with the implemented Quality Management 

System should comply with the requirements of the ISO 9001 standard. To achieve this we should to 

continuously meet customer requirements as a factor determining survival on the market and generating profits 

in the medium and long term. Also organization needs to continually improve products and services. Therefore, 
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processes in the organization should achieve goals established on the basis of data analysis regarding current 

and future customer needs. Therefore, the following criteria are proposed for assessing the effectiveness of 

QMS in metalworking industry enterprises: 

1) The organization's ability to understand the client's needs and their transformation into decisions 

expressed through:  

a) Measurement of customer satisfaction,  

b) Frequency and reliability of customer satisfaction measurement, 

c) Selection of a representative sample for measuring customer satisfaction, 

d) Application of customer satisfaction measurement results in the decision-making process, 

e) Determining the quality function in the case of product design, e.g. the QFD method, 

f) Applying benchmarking to competitive products, 

g) Applying benchmarking to competitors' processes, 

h) Review of technical documentation received from the Customer and records of any differences in 
interpretation, 

i) Analysis of contract / order in terms of equipment and qualifications before order acceptance, 

j) Offer calculation before committing to implementation, 

k) Using the defined communication path (procedure) in relation to the documentation provided by the 
Customer, 

l) Use of a defined communication path and procedures in relation to customer complaints, 

m) Monitoring the status of complaints by personnel independent of persons carrying out the complaint 

procedure. 

2) Ability to manage processes and achieve goals expressed through:  

a) Use of indicator set by the organization for all processes. Indicators take into account the specificity of 

individual processes, 

b) Conducting by the organization quality cost account and calculating the unit cost of the product, 

c) Application by the organization different statistical tool sets, e.g. 7NT (Traditional Tools) or 7NN (New 

Tools), 

d) Applying systematic methods of cause-and-effect analysis using group work techniques and on the 
basis of them planning and implementing improvement and corrective actions (eg 5WHY, Ishikawa 

Chart, Pareto Chart), 

e) Communication of the results of employees quality analyzes which are the incentive system basis, 

f) The personnel responsible for quality control is independent and has the appropriate empower and 

authorization, 

g) Implementation of an effective traceability system for orders. Individual operations are retraceable. 

3) Knowledge - the ability to obtain and maintain it in the organization expressed through: 

a) Defining the set of qualifications (including education, empowerment, training and experience) 

required to work on a given position, 

b) Defined training paths for each position, including mandatory periodic training, 

c) Implementation of qualification level gradation system, 

d) Determining the required qualifications for individual orders, which determine the appropriate staff to 

implement them, 

e) Regular checking of employees' knowledge and on the basis of them allowing to execute orders 

according to the level of difficulty, 

f) Implementation of the employee appraisal system, 

g) Defining the rules of internal training and principles of proper trainer selection (level of knowledge), 
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h) Running courses or company schools in order to acquire and educate future staff 

i) Applying an incentive system for employees which train other employees, 

j) Applying a system of social incentives, 

k) Developing career paths for individual positions, 

l) Planning in advance to acquire personnel with specific qualifications in accordance with the decisions 

of a strategic nature - for example, the development of a new production department. 

4) Ability to change and achieve goals expressed through: 

a) Management of projects related to improvement, application of risk management tools. Projects are 

subject to periodic reviews, 

b) Budgeting individual projects, 

c) Making decisions and writing them down in detail to the contractors together with deadlines, allocation 

of resources and criteria choice for accepting the result, 

d) Selection of objectives using measurable and comparable indicators, 

e) Developing bottom-up mechanisms of innovations supported by the incentive system, 

f) Conducting activities aimed at the integration of staff within the department / organization, 

g) Conducting reviews of management with the participation of manager of all organizational units at 

short intervals, e.g. weekly - arrangements are settled at subsequent meetings. Keeping records. 

5) Ability to create and maintain mutually beneficial relationships with suppliers expressed through: 

a) To have personnel with qualifications competent to assess the quality of materials and services from 

deliveries, 

b) Having a laboratory to assess the quality of materials and services from external supplies, 

c) Use of detailed specifications for materials and services purchased from suppliers, 

d) Verification of declarations of potential and existing suppliers by means of audits by the supplier and 

external laboratories, 

e) Having developed and implemented procedures for the verification of the quantity and quality of 

deliveries along with the mechanisms for handling non-compliant delivery, 

f) Having developed and implemented procedures for moving the labeling of materials during all logistic 

and processing processes. Staff authorized to carry labels were designated, 

g) Defining alternative suppliers for all critical materials and services, 

h) Define assessment indicators for individual suppliers - e.g. PPM for non-compliant deliveries, 

i) Defining the ordering system that does not generate unnecessary stocks. 

4. CONCLUSION 

On the carried out analyzes, the determinants of quality in the metal processing industry were identified. 

Determinants are divided into the following categories: chip machining, abrasive machining, erosive 

machining, as well as protective and decorative coatings. Then, for each of the categories, the main 

parameters defining quality were defined. In the next stage, the criteria for measuring the effectiveness of the 

quality management system for the metal processing industry were proposed. In the literature were only 

general quality management systems tools not customized to specific metalworking industry requirements. 

Identification of the criteria useful in metalworking industry company quality management system assessment 

is the added value of the paper. These criteria have been divided into five groups: the organization's ability to 

know the client's needs and their transformation into decisions, ability to manage processes and achieve goals, 

knowledge - the ability to obtain and maintain it in the organization, the ability to change and achieve goals, 

the ability to create and maintaining mutually beneficial relationships with suppliers. 
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Abstract 

The paper presents the analysis of the application of FMEA method of storage system in the area of a 
metallurgical enterprise performing gray iron castings according to the PN-EN 1561: 2000 and PN-92 / H-
83101 standards as well as alloy cast iron. Casting is a technology for making objects by filling molds with 
liquid metal. Castings are made of cast steel, cast iron, aluminium, magnesium and copper alloys. The casting 
technology could be used to form objects of very complex shapes with very high accuracy, eg pistons, motors, 
casings, tools. The aim of the publication is to realize the FMEA method of the warehouse system so as to find 
the causes of defects, to remove errors and to commit repair tasks, so that the whole planning and storage 
process takes place in an effective manner, while reducing the criticality priority of defects in all cases. After 
performing the FMEA analysis all the defects, causes and effects occurring in the process were determined 
from demand for goods planning up to delivery and quantitative and qualitative control. Ishikawa's cause-effect 
diagrams were used to detect the exact causes of the most important defects in the process and then corrective 
actions were recommended. Among the six included actions of the process the two most difficult actions were 
identified which should be addressed first. An effective solution for these two process activities is the 
systematic update of the list of preferred suppliers and the employment of an auxiliary employee supervising 
and approving the procurement plan. 

Keywords: Metal foundry, grey and alloy cast iron, Mode and Effects Analysis, warehouse system,  

        importance of defects, failure 

1. INTRODUCTION 

The paper is to present an analysis of the application of FMEA method of the storage system in the area of a 
metallurgical enterprise performing gray iron castings according to PN-EN 1561: 2000 from the GJL150, 
GJL200, GJL250, GJL300, GJL350 and PN-92 / H-83101 of types ZL150, ZL200 grade, ZL250, ZL300 and 
ZL350 as well as cast iron alloys - mainly chromium. Occasionally, a company engaged in the steel castings. 
The casting is carried out in the weight range from 2 kg to 150 kg. In addition, the plant provides services in 
the field of machining, plasma metal cutting and MIG / MAG / TIG welding [12]. 

Casting is a technology for making objects by filling molds with liquid metal [5]. Castings are made of cast 
steel, cast iron, aluminium, magnesium and copper alloys [1]. Casting is used when other technologies are too 
expensive [8]. Casting technology could be used to form objects with very complex shapes with very high 
accuracy, eg pistons, motors, housings, tools. [11]. The aim of the publication is to realize the FMEA method 
of the warehouse system so as to find the causes of defects, to remove errors and to commit repair tasks, so 
that the whole planning and storage process takes place in an effective manner, while reducing the criticality 
priority of defects in all cases. The use of the FMEA method and tools is mainly intended to maintain adequate 
product quality, as well as to eliminate defects and non-conformities in the initial phase of production and not 
during operation by the customer [4,9]. Finding defects in the product after the purchase makes customers 
submit complaints and warranty claims, which causes a decrease in credibility and reduce the quality of the 
finished products offered [3]. Such a situation leads to responsibility of bearing significant costs related to the 
elimination of flaws and defects in products. [7]. That is why, entrepreneurs began to implement new methods 
and tools to exclude and remove product defects at the time of design or production [10]. 
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2. APPLICATION OF THE FMEA METHOD IN A SELECTED METALLURGICAL COMPANY  

The analysis of potential causes of defects and their consequences was carried out in a selected metallurgical 

enterprise performing castings of gray and alloy cast iron. After a thorough analysis of the entire course of the 

process research was carried out together with the information obtained from the warehouse manager and 

employees. For the research the process was selected from the demand plan through the ordering, delivery 

and quantity and quality control of the goods. 

The course of the research process is initially created in the form of a process map, which is depicted in 
Figure 1. The mapping was initiated from the examination of the process, starting with placing the order 

through individual stages up to the storage stage. The aim of this process is to manage only the type of outlays 

such as time, work and information necessary to meet the needs of the recipient. In the next stage, an analysis 

of offers from suppliers, verification of their structure and placing an order is performed when the offer meets 

the mandatory criteria. This point is important in the process. The information obtained in the company 

indicates that a permanent contact with the supplier is necessary to confirm the availability of the goods, in 

terms of assortment and quantity. The delivery and receipt of the goods takes place after placing the order. 

The final stage is to perform quality and quantity control of delivery and storage [6]. 

 

Figure 1 Map of the logistics proces 

The next stage of the analysis is to formulate the causes of errors. The ISHIKAWA diagram, which is presented 
in Figure 2, was used to complete this stage. The FMEA analysis determined the significance of faults and 

errors (Risk Priority Number - RPN) according to formula (1) for the point estimation 

;9N � � ∙ ; ∙ )           

 (1) 

where: 
Z - Meaning for the customer 

R - Probability of a defect 

W - Detection of defects 

After determining the potential causes of the occurring defects an estimation of the degree of risk for each 
cause was made. Table 1 reflects the criteria for estimating Z, R, W for the described process. In turn the 

analysis and assessment of the assumed risk together with the results of the verification and optimization of 
the solutions are presented in Table 2. 

Table 1 Criteria for estimating the probability of error [2] 

Meaning for the customer 
(Z) 

Probability of a defect 
(R) 

Detection of defects 
(W) 

1      slight 1     unlikely 1-2   very high 

2-3   low  2-3   low  3-4   high 

4-6   moderate 4-6   moderate 5-6   average 

7-8   large 7-8   large 7-8   low 

9-10 very big 9-10 very big 9-10 very low 
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Table 2 Systemic FMEA analysis of the process warehouse system of goods 

Process 
Potential 

disadvantages 
The potential 

effects of defects 
Potential causes 

of defects 

Results before 
activities 

Recommended 
corrective 

actions 

Results of 
activities 

Z R W RPN  Z R W RPN 
1 2 3 4 5 6 7 8 9 10 11 12 13 

1. Planning for 
demand on top 
of goods 

The order plan 
is not compliant 
with the 
demand plan 

- Too small amount 
of goods makes it 
impossible to 
carry out orders 

- Too many raw 
materials, the risk 
of overfilling 
warehouses 

-Incorrect 
conversion of the 
number of products, 
-Erroneous 
interpretation, haste 

1 
 
 
 

2 

6 
 
 
 
8 

2 
 
 
 

1 

12 
 
 
 

16 

Improvements in 
the IT system 
regarding the 
calculation of 
demand based on 
the ordering plan 

1 
 
 
 

2 

2 
 
 
 

3 

2 
 
 
 

1 

4 
 
 
 
6 

2. Analysis of 
the quantity 
and quality of 
offers 

No offers, 
Failing to offer, 
Incomplete 
offer, 
Incorrect 
interpretation of 
the offer 

-Placing an 
erroneous order 
-It is not possible 
to place an order 

-Vendor error 
-There is no person 
responsible for 
receiving and 
analysing offers 
-Illegible offer 

8 
8 
 
 
 
 

6 

2 
4 
 
 
 
 
8 

1 
8 
 
 
 
 

10 

16 
256 

 
 
 
 

480 

Systematic update 
of the list of 
preferred suppliers 
(e.g. company 
manager) 

8 
8 
 
 
 
 

6 

1 
2 
 
 
 
 

6 

1 
6 
 
 
 
 

6 

8 
96 
 
 
 
 

216 

3. Contact with 
the supplier 
and 
confirmation of 
availability 

Difficult contact, 
No confirmation 
of availability 
and quantity of 
products offered 

-Lack of timely 
delivery, 
incomplete 
delivery 
-Failure to 
complete the full 
ordering plan 

-Unavailability of the 
person responsible 
for the coordination 
of orders, 
-Failure and errors 
of the IT system 
supporting stock 
levels, 
-A mistake in the 
correct order 

8 
 
 
 
 

1 
 
 
 

10 

4 
 
 
 
 
9 
 
 
 
2 

1 
 
 
 
 

1 
 
 
 

1 

32 
 
 
 
 
9 
 
 
 

20 

Verification of 
suppliers 

8 
 
 
 
 

1 
 
 
 

10 

2 
 
 
 
 

6 
 
 
 

1 

1 
 
 
 
 

1 
 
 
 

1 

16 
 
 
 
 
6 
 
 
 

10 

4. Submit an 
order 

A mistake in the 
order (quantity 
and range), 
Error while 
placing the 
order into the 
system 

-Lack of timely 
delivery, 
incomplete 
delivery 
-Failure to 
complete the full 
ordering plan 

-Incorrect 
interpretation of the 
ordering plan 
Incorrect calculation 
of the demand 
-Mistake when 
placing the order 
Mistake on delivery 
-A mistake in 
transferring orders 
to be carried out 

10 
 
 
 
 
 

10 
 
 
 

10 

2 
 
 
 
 
 
2 
 
 
 
1 

2 
 
 
 
 
 

2 
 
 
 

1 

40 
 
 
 
 
 

40 
 
 
 

10 
 

Verification and 
control of the order 
form before 
sending 
(production 
manager) 

10 
 
 
 
 
 

10 
 
 
 

10 

1 
 
 
 
 
 

2 
 
 
 

1 

2 
 
 
 
 
 

1 
 
 
 

1 

20 
 
 
 
 
 

20 
 
 
 

10 

5. Delivery and 
unloading 

Goods 
damaged during 
unloading, 
Delay of 
delivery 

-No possibility of 
completing the full 
order plan 
-Delays in the 
order 
-Dedication of 
additional time for 
the complaint 
procedure 

-No person 
authorized to collect 
the goods 
Delivery after the 
deadline 
-Incorrect securing 
of goods and 
conditions during 
transport 

7 
 
 
 
 

7 

4 
 
 
 
 
7 

1 
 
 
 
 

1 

28 
 
 
 
 

49 

Introduction of the 
order tracking 
system 

7 
 
 
 
 

7 

2 
 
 
 
 

5 

1 
 
 
 
 

1 

14 
 
 
 
 

35 

6. Quantitative 
and qualitative 
control 

Shortage of 
goods, 
Excess of 
goods, 
Lack of quantity 
control, 
Lack of quality 
control of the 
goods. 

- Order delay 
- Failure to 
complete the full 
order plan, 
- There is not 
enough space to 
store the goods. 

-Incorrect 
interpretation of the 
order, 
Incorrect order, 
-A mistake in 
loading, 
A mistake at 
unloading, the 
workload of people 
responsible for 
collecting a goods 

8 
 
 
 

8 

8 
 
 
 
8 

1 
 
 
 

1 

64 
 
 
 

64 

Standardization of 
control activities, 
Introducing an 
additional person 
supervising and 
approving the 
ordering plan 

8 
 
 
 

8 

4 
 
 
 

4 

1 
 
 
 

1 

32 
 
 
 

32 
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Figure 2 Ishikawa diagrams for potential defects 

After the FMEA analysis, the results from the analysis of the "before" and "after" activities are illustrated in 
Table 3. 

Table 3 Values of action "before" and "after" using the FMEA method 

Defect number 
The sum of the RPN (the reasons for the defect) Accumulated value in % 

,, before " ,, after " ,, before " ,, after " 

1. 28 10 3% 0,8% 
2. 752 320 66% 28% 
3. 61 32 5% 2,8% 
4. 90 50 8% 4,8% 
5. 77 49 7% 4,3% 
6. 128 64 11% 5,6% 

The Pareto diagram (Figure 3) was prepared for the data on the basis of Table 3. In the chart it can be seen 

that the errors appearing were arranged in descending order of the value columns. Such order allows to 

illustrate which problems should be dealt with first. Visual illustration of important issues helps to focus on 

eliminating the factors that cause a significant part of the problems. 
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Legend: 

1. The order plan is not 
compliant with the 
demand plan. 

2. Incorrect interpretation of 
the offer. 

3. Lack of confirmation of 
availability and quantity of 
offered products. 

4. Error during placing the 
order into the system. 

5. Goods damaged during 
unloading. 

6.   Lack of quantitative and 
qualitative control of the 
goods.  

Figure 3 A summary of activities before and after the FMEA analysis 

3. CONCLUSIONS 

Carried analysis yielded effective results. Six main defects in the process were identified of which 30% are 

mainly dangerous defects for the process. By using the Ishikawa diagrams, the causes of the six defects were 

identified and then the countermeasures were clearly defined in order to eliminate them. The most significant 

improvement is the order plan that is not in line with the demand plan. Its error rate has been improved by 

38%. Another improved operation is greater quantity and quality control of goods by 5.4%. 

The use of the FMEA method in the enterprise allowed mainly for: recognition of the causes and effects of 

potential discrepancies in the analyzed process, increasing the efficiency and quality of the ordering process 

and the delivery of goods, creating an emergency plan in case of non-compliance or mistakes in the process, 

a certificate that the products will be delivered to the recipient exactly on time, in the right quantity and in the 

right place. 

The analysis of the causes of defects and their effects in the storage system was the first of all started by 

defining potential incompatibilities for a single stage of the process and their consequences. In addition, it was 

assumed that general activities except for the analyzed process are carried out according to the standard. 

Describing the consequences of non-compliance the situation was identified which would stop the next stage 

of the process as well as effects for the client. 

Then using the Table 1 the significance (Z), occurrence (R) and detection (W) of potential discrepancies in the 

process were made. The problem was revealed when assessing the defect occurrence criterion considering 

that the company does not register the incompatibility of the defect (frequency of occurrence). Subsequently, 

according to the risk estimation formula (1) the number of its risk values (RPN) was calculated. It has been 

assumed that the most significant defects are those whose level of risk (RPN) is greater than 20. In this area 

6 dangerous defects were identified as a result of an inadequate process of completing the order at source for 

delivery to the company's warehouse. The disadvantages include: the order plan is inconsistent with the RPN 

demand plan = 28 the indicator has been reduced to 10; incorrect interpretation of the RPN offer = 752 the 

indicator has been minimized to 320; lack of confirmation of the availability and quantity of products offered 

RPN = 61 the index has been minimized to 32; error during placing the order into the RPN system = 90 the 

indicator has been minimized to 50; goods damaged during unloading RPN = 77 the indicator was minimized 

to 49; lack of quantitative and qualitative control of the goods RPN = 128 the indicator has been minimized to 

64. 
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Then corrective actions were recommended which enabled the reduction of this index by reducing the 

occurrence of non-conformities and increasing the detection of the defect. The final stage was the review and 

standardization of the works that should be performed: cyclically, controlling the applied corrective actions 

verifying their effect, after every major change in the process. 

Regular use of the FMEA method will enable metallurgical enterprises in the future to avoid the effects of 

defects, errors in the fundamental process of planning and storage of goods from the perspective of the 

operations of the plants. As one of many quality management methods, FMEA method analysis in logistics 

processes brings significant economic effects related also to the increase of clients' trust. 
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Abstract 

In addition to meeting customer requirements and maintaining competitiveness, enterprises must now include 

social responsibility in their strategy, with particular emphasis on ecology. This trend is partly forced by changes 

in environmental protection regulations, including waste management. For many enterprises this may mean 

the need to introduce changes in the production systems. One of such companies is B. Recycling sp. z o. o., 

producing concentrate of zinc oxide. Adaptation to current standards required a thorough modernization of the 

technological lines used, so that the zinc-bearing waste, storing which brings a threat to water resources, could 

be used as batch material in the rolldown process. The rolldown process implemented in the company is 

technologically complex and any deviation from the discipline may result in a lesser quality product and a 

significant increase in the number of unscheduled stops, and thus a drop in productivity. Because of that, the 

modernization was also aimed at improving the efficiency of the production system. The article describes the 

conducted process analysis, the purpose of which was to determine whether the changes made have led to 

the desired effect and identifying the areas with the greatest improvement potential. The elements of the TPM 

method were chosen as the research method. After collecting the time and quality data, MTTR, MTBF and 

OEE indicators were determined for each of the modernized lines and selected subassemblies. One of the 

analysis results was the proposition of a solution which would shorten the duration of the failure once applied. 

Keywords: Exploitation, zinc concentrate, TPM method, OEE 

1. INTRODUCTION 

The pyrometallurgical processes in roll down furnaces with zinc recovery is a commonly used method of zinc 

containing waste management. Unmanaged zinc-bearing waste are hazardous to the environment, in 

particular for aquatic resources in Poland Mining and Metallurgy Plant “Boleslaw” had the plant of this kind, 

however the strict requirements of environment protection, sulphur dioxide emission level in waste gases in 

particular, forced the company to discontinue the zinc recovery by means of this method [1,2]. A new company 

has been established - B. Recycling. The firm B. Recycling has taken the initiative of management of zinc-

bearing waste from diffuse sources. To obtain the required level of carbon dioxide emission in waste gases, it 

was necessary to implement changes to the previously used technology and equip the plant with the system 

for absorption of sulphur dioxide from the emitted gases [3,4]. The firm B. Recycling has implemented the 

project of modernization and assembly of rotary furnaces and all other elements of lines. The change of 

suppliers of zinc-bearing waste was a key issue [5]. Activation of a mechanism stimulating system supply with 

wastes from different producers was a requirement necessary to keep supply continuity. This required the 

development of a capable technical station for zinc-bearing waste processing. It upgraded production 

processes to fully meet requirements of environment protection (among others, liquidation of several lines and 

sinter plant). It was assumed that modernization would cause the increase of process charge indices up to the 
European level. Upgraded technological lines are used to generate zinc oxide concentrate. Figure 1 shows 

the diagram of the production system after the upgrade. There are three production lines in the company. Lines 

no. 1 and 6 are adjusted to process steel fly ashes and zinc-bearing sludges. While line no. 2 is intended to 

process sludges from zinc electrolysis only. 
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Figure 1 Diagram of the concentrated zinc oxide production system after the upgrade  

Due to the complexity of technological process for generation of zinc concentrate from different zinc-bearing 

waste, during system operation, there are many unwanted downtimes (shutdown, failures, lack of supplies) 

that has a significant impact on production efficiency. That is why, this study purpose was chosen - analysis 

of results of implementation of new solutions after one year of monitoring of three technological lines: line no. 

1, no. 2 and no. 6. TPM - Total Productive Maintenance was a chosen method, or actually, some part of it that 

relates to setting of defined indices [6]. 

2. ANALYSIS OF PLANNED DOWNTIMES AND FAILURES  

The common assumption of Lean Manufacturing methods is to create, keep and improve the continuous flow 

of material in the production system [7,8]. One of the methods of achieving this is to ensure the continuity of 

the work of machines, which is the primary purpose of the TPM (Total Productive Maintenance) method [9]. 

The TPM method most commonly uses three indicators: MTTR, MTBF and, most distinctly, OEE [10]. The 

primary measure of the effects of introducing TPM is the OEE indicator (Overall Equipment Effectiveness). 

OEE means the overall efficiency of equipment (machinery, devices). The major focus of the analysis was on 

failures and planned downtimes of machinery and equipment in plant system for production of zinc oxide 

concentrate. Based on annual monitoring of work time and downtimes in the company, a results for three 

technological lines was obtained (lines no. 1, no. 2 and no. 6). Appropriate time histograms were made for 

those lines and the following indices were calculated [11]:  

• OEE - Overall Equipment Effectiveness,  

• MTTR - Mean Time to Repair, 

• MTBF - Mean Time Between Failures. 

The data related to the duration and the reasons of system downtime was collected over a period of one year, 

separately for each of the three technological lines. Due to the diversity of technological lines machinery and 

equipment failures, they have been divided into the following subgroups: 

• slag reception system failures, 

• rotary furnace failures, 

• dust chamber failures, 

• exchanger coolers failures, 

• filter failures, 

• failures of pneumatic transport system of the product, 

• fan failures. 

An exemplary monitoring histogram for line 1 is shown in Figure 2. 
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Figure 2 Histogram of monitoring within the year for technological line no. 1 

Sample results for process line no. 1 are shown in Table 1. 

Table 1 Selected duration of failures of technological line no. 1 

Name of failure Time  (h) Quantity 

Rotary furnace 

Extinguishing 190 11 

Removing 482 11 

Warming up 159.5 11 

Welding works at the end of the furnace 8 1 

Technological failure - the appearance of build-up 2 1 

Taring the feed weight 7.5 4 

Total: 849 39 

Exchanger coolers 

Failure of the screw feeder 22 2 

Repair of the screw under hot radiator 67 3 

Cleaning the space between the heat exchangers 51.5 9 

Total: 140.5 14 

Filter 

High filter resistance - cleaning 44 5 

Filter inspection 2 1 

Failure of the filter regeneration compressor 1 1 

Total: 47 7 

Pneumatic transport system of the product 

Failure of oxide pump 6 3 

Failure of the line-plate feeder 41.5 10 

Total: 47.5 13 
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Figure 3 presents percentage of individual failures with regard to all failures registered within a year on 

technological line no. 1. 

 
Figure 3 Percentages of different failures - technological line no. 1 

The most failure-prone system component is the rotary furnace. Its failures are 75.37% of the time of all faults. 

Generally, failures are 5.28%, and planned downtime is 11.37% of total system operation time. 

2.1. Designation of the OEE index for the selected technological line 

The OEE indicator is usually calculated using this simple formula [12]: 

OEE = Availability x Performance x Quality x 100 (%)                                 (1) 

Designation of the availability of Ai index for each i = 1, 2, 6 line 

Ax � ù��
ù�ç ∙ 100�%� (%)                                                                                   (2) 

where:   

Ai1 - net operating time (available time) (h) 

Ai2 - operating time (net operating time - planned downtime) (h) 

 

Designation of the Pi performance of machinery and equipment at the no. i technological line: 

When upgrading, all machinery and equipment included in the technological line was designed for the 
maximum design performance of the rolldown furnace no. i and therefore the performance index for the whole 

technological line no. i can be assumed as equal to Pi = 100 %.   

Designation of the Qi quality factor for the no. i - technological line: 

The quality factor has been calculated according to the following formula: 

VA � VA2
VA1

∙ 100�%� (%)                                                                                               (3) 

where: 

Qi1 - Zn content in feed (Mg) 

Qi2 - Zn content in product (Mg) 
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The quality factor has been calculated on the basis of the quantity of feed material and the content of the pure 

zinc and on the basis of the produced concentrated zinc oxide and content of the pure zinc. 

2.2. Designation of the MTBF and MTTR indexes for the selected technological lines  

MTBF (Mean Time Between Failures) is a mean time diving occurrences of two failures or micro-downtimes. 

MTBF index was calculated based on the following formula (4): 

�0y�� � �LLK�
�LL�

                                                                                                 (4) 

where: 

tppri - sum of duration times of correct functioning for technological line no. i 

nppi - number of events of correct functioning of technological line no. i 

MTTR (Mean Time to Repair) is a mean time necessary to make repairs of equipment. Any “repair time” starts 

when a failure of equipment occurs, and ends when equipment works in its standard work cycle. MTTR index 

was calculated based on the following formula (5): 

�00;� � ��a�
���

                                                                                                             (5) 

where: 

tawi - sum of duration times of repairs of technological line no. i 

nni - number of repairs of technological line no. i 

The analysis was carried out for all technological lines. Collective results for all lines (including lines no. 1, no. 
2 and lines no.6) have been presented in Tables 2 and 3. 

Table 2 Collective table of results for individual technological lines 

 
Technological line no. 

1 
Technological line 

no. 2 
Technological line 

no. 6 

Time of failure (h/year) 1126.5 509.5 1331.5 

Time of failure (%) 12.86 5.82 15.20 

Time of planned stops (h/year) 1999.5 996 797 

Time of planned stops (%) 22.83 11.37 9.10 

Time to work properly (h/year) 5634 7254.5 6631.5 

Time to work properly (%) 64.31 82.81 75.70 

OEE (%) 83.88 78.61 83.83 

MTBF (h/year) 125.2 190.9 150.72 

MTTR (h/year) 21.25 10.38 26.11 

After analysis of downtimes of technological lines no. 1, 2 and 6, it was noticed that equipment subject to major 

failures are rotary furnaces. Reduction of failure time of rotary furnaces (build ups inside a furnace are the 

major reason) will lead to increase in production of zinc oxide concentrate. Recondition of rotary furnace by 

means of removal of build ups is related to its extinguishing (cooling), removing (removal of build-up) and 
reheating. Appropriate data are shown in Table 3. 
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Table 3 Time of failures of individual rotary furnaces 

 Technological 
line no. 1 

Technological 
line no. 2 

Technological 
line no. 6 

Total time of failure  (h/year) 1126.5 509.5 1331.5 

Time associated with the removal of 
the furnace failure (h/year) and (%) 

cooling 
190 66 187 

22.38 % 18.91 % 18.80 % 

removing 
482 224 629.5 

56.71 % 64.18 % 63.30 % 

reheating 
159.5 32 156 

18.79 % 9.17 % 15.68 % 

other 
17.5 27 22 

2.06 % 7.74 % 2.21% 

total 
849 349 994.5 

75.37 % 68.50 % 74.69 % 

To shorten the duration of the furnace failure it was proposed to use an industrial cannon from Winchester 

company in order to remove the build-up. To determine the usability of this equipment, experiments must be 

carried out. Therefore, decision on assembly of industrial cannon in all technological lines can be made after 

experiments being carried out for one device. 

3. CONCLUSION 

The above analysis enabled to determine the number and frequency of failures of individual components in 

technological lines no. 1, 2 and 6. The summary and assignment of failures to the individual technological lines 

allowed to identify the units that require attention in order to reduce the average failure time and thus to 

increase the production capacity of the zinc oxide concentrate. It was observed that failure time of machinery 

and equipment for technological lines no. 1 and 6 is much longer than in the case of technological line no. 2. 

It is caused by the type of charge material, as lines no. 1 and 6 are intended for steel fly ashes, while line no. 

2 for zinc-bearing sludges. Diversity of charge material is related to the differences in technological process 

and its physical and chemical properties. Processing of steel fly ashes significantly impacts the increase of 

build-up. OEE indices calculated for each technological line allowed for the assessment of effectiveness of 

use of all machinery and equipment within the analyzed technological lines. The OEE index values for the 

technological lines no. 1 and 6 are similar to each other and are respectively: OEE1 = 83.88 %, OEE6 = 83.83 %. 

The overall performance index of the technological line no. 2 was OEE2 = 78.61 %. On the basis of the results 

obtained and the data from the literature it can be concluded that indices obtained by means of modernization 

by B. Recycling are at very good level (OEE above 80 - 85 % as global class).  

The analysis of index values for three factors distinguished when designating the OEE, allows to indicate the 

quality as the area of the largest potential for improvement. 
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Abstract  

The article deals with the issue of resources needed for the development of competitiveness in Czech 

manufacturers based on the increasing level of complexity within closed technological chains. The authors 

base their results on research which showed that primary manufacturers of raw resources export semi-finished 

products to long distances with a low total added value. The selected sample of manufacturers that produce 

rolled and drawn wires from steel and nonferrous metals showed that the primary intake are materials imported 

largely from countries outside the European Union. The article furthermore contains statistical findings and an 

economic assessment of the overall growth of logistics costs associated with reaching the end product in a 

given technological chain. The article is also complemented by aspects of world trends of development in the 

field of metallurgical production. The aim of the article is to analyze the knowledge from the field of higher 

evaluation of the available primary sources of rolled wire in the processing chain of the processor within the 

Czech Republic 

Keywords: Rolled wire, drawn wire, metallurgy, steel, nonferous metals  

1. INTRODUCTION 

Rolled and drawn wires are significant raw-materials for a wide spectrum of the processing industrial branches. 

This raw material is especially valuable in conditions of a state, where the economic base is based on a 

maturity of the industrial structure with very low occurrence of primary raw-material resources [1, 2]. Some 

informations about problems of drawn and rod wires in the Czech Republic are published in [3]. 

This paper generalizes knowledge obtained on the basis of the long-term research of the development trends 

in the sphere of selected segments of wire manufacturers from steel and nonferrous metals in conditions of 

the industrial structure of the Czech Republic.  

2. TECHNOLOGICAL CHAINS OF WIRE MANUFACTURERS 

The wire manufacture is a complex technological chain, the result of which is a wide assortment of products, 

which are significant components for the finalizing functional units with a high added value. A series of these 

components, parts, details, assemblies and sub-assemblies fulfills an important function in the final 

aggregates, which ensures mainly [4]: 

• lifelong function beyond the limit of a usual life cycle of the product, 

• safety of the final product. 

In this regard it is very important to be aware of the fact that in a great part of the investigated industrial 

branches and spheres of using of the production from wires the problem of repairs and replacement of a defect 

part and a defect product incorporated in a functional complex is very complicated, cost-demanding and can 

cause a linkage of reactions and limitation of reliability, which we in many cases feel as a matter of fact.  
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It can be chosen from the wide structure of the obtained knowledge some representatives for the research of 

the influence of deformation of the technological chain on the output values of the certain processing branches 

and consequential use of the production. In this regard the following areas of investigation were chosen: 

1) Relationship between the source possibilities of separate phases of the technological chain 

(manufacture of rolled and drawn wires). 

2) An ability of the utilization of source possibilities such as a potential of a demand of the processing and 

finalizing branches (import and export of the raw-material base for the processing and industries). 

On the basis of so-set criteria, can be obtained and analyzed series of factors with the use of methods, 

especially the analysis of causes, extrapolation of the time lines and methods, which use exact and empiric 

tools of the marketing analysis. The investigation was solved in the boundary of the technological potential of 

the disposable manufacturing capacities of the investigated territory of the Czech Republic, economic factors 

of separate phases of the economic potential, of the added value of the exported products and the marketing 

potential in the boundary of the elasticity of supply and demand of the world market.  

3. CONSEQUENCES OF DISCONNECTION OF THE TECHNOLOGICAL CHAIN OF WIRES 
MANUFACTURERS 

The comprehensive technological chain in the sphere of wire and wire-product processing is a significant 

economic potential for the given territory and follow-up cooperative and technological interaction. It creates 

presumptions for the development of a wide spectrum of the bid series and assortment of production as well 

as an ability to develop technical and technological presumptions for the development and structure of new 

unique products with a high added value. An example of such a product can be, for instance, development, 

production and utilization of a unique 90-tonne wire rope of ArcelorMittal Company for the cabin cable-railway 

in Colorado [2]. A primary raw-resource base and technological capacities for the production of low-carbon 

and high-carbon rolled wires are situated in the territory of the Czech Republic. It founds an occasion for the 

development of comprehensive technological chains with a relatively considerable potential in the chosen 

segments of the building of resources of competitive benefits of the linked processing and finalizing branches 

and industry spheres.  

A basic image of the development trends was obtained on the basis of a sufficiently long-time line and filtration 

of some data of customs statistics. Simultaneously with the comparison with the chosen industrial countries of 

analogical range, size and dynamics of the growing potential (South Korea, Belgium, etc.), knowledge enabling 

us to discover the future occasion and threat resulting from the continuity of the existing development was 

obtained. 

3.1. Selected results of the trend analysis   

Based on the performed analysis of the trends of the long-term time line in the given territory, can be able to 

assess criterion by criterion [4, 5]. 

1) Relationship between the source possibilities of separate phases of the technological chain 

(manufacture of rolled and drawn wire). 

Despite of an apparent continuity, the fact is gradually deepened that the investigated territory will not manage 

to sufficiently utilize the primary raw-resource base of the rolled wires in technologies and capacities, which 

are able to develop the bid assortment in a sufficient qualitative structure for the linked manufacturers and final 

products. 

Within technological and economic disconnection of wire rolling plants and drawing plants, a discontinuity of 

the investment and technological policy of modernization and innovation of the technological capacities, which 

are necessary for the related branches and industries such as production of cables and wire ropes, production 
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of springs, production of agricultural and medical equipment, etc. originated during the last period. Figure 1 

shows production of rolled and drawn wires in the Czech Republic in the period since 1999 [6]. 

 

Figure 1 Production of rolled and drawn wires in the Czech Republic in the period since 1999 [6] 

 

Figure 2 Export and import of rolled wires in the period since 1999 [6] 

2) An ability of the utilization of source possibilities such as a potential of a demand of the processing and 

finalizing branches (import and export of the raw-material base for the processing and industries). 

The Figure 2 shows export and import of rolled wires in the Czech Republic in the period since 1999 [6], from 

here it can be said that: 

A high degree of technological and economic autonomy of the rolling plants, drawing plants and primary raw-

resource processing plants creates a condition on the investigated territory for the disconnection of the 

technological chains on the basis of primary profitability of the raw-resource base and semi-finished products 

and of a low level of finalization of the existing resources.  

A high growth of the logistics costs per 1 kilogram of the final production was documented on the selected 

samples of the assortment structure of the rolled and drawn wires. 

3.2. Selected results of the analysis of causes 

With help of deeper research of the long-term time line of the development of the technological chains, it can 

be obtained some causal relationships and create germs of the future strategic solutions for the aborning new 

branches and micro-parts of the finalizing production, focusing on the innovative potential. The results relate 

to the relationship of manufacture and utilization of the production in the investigated territory.  
Figure 3 shows the rate of rolled wires usage, Figure 4 shows the rate of drawn wires usage. From here it 

can be said that: 
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Figure 3 The rate of the use of rolled wires manufactured in the Czech Republic compared to the total 

production in the period since 1999 [6]  

The primary raw-resource base, especially in case of a quality high-carbon wire, requires high continuity of 

technological and especially material innovations related to the development of prices of ores, alloyed additives 

as well as energetic and ecological demandingness per 1 tonne of production. Provided this raw material does 

not find sufficient valuation in a form of the added value in the comprehensive technological chain, in the 

optimal logistics distance. It becomes a subject of the world commodity market and in its consequence of the 

price pressure of the development of the world-wide resources and reserves.  

 
Figure 4 The rate of the use of drawn wires manufactured in the Czech Republic compared to the total 

production in the period since 1999 [6] 

A low share of utilization of the finalized semi-finished products in a form of drawn wires meant in the given 

developmental period a fact that the given offered assortment due to the disconnection of the technological 

chain did not find a final customer. In its consequence, it means disappearance of the whole series of small 

branches complemented the bidding assortment for the final assembly. It is not an exception that the exported 

wires are returned to the investigated territory after several technological operations back as import of 

products, for example, for the paper, textile, glass and other industry, which also again builds a base of its 

future competitiveness.  

3.3. Selected results of the marketing analysis 

The performed marketing analysis deals, first of all, with sources of the future customer spectrum and sources 

of the future competitiveness in the investigated territory. The following knowledge was obtained from 

investigation of the meaning of the comprehensive technological chain within the branch of the products from 

wire and manufacturers from wire.  
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As was proved in investigation of sub-suppliers of a series of branches with an assembling character of the 
production, a big pressure on the reduction of prices due to a jump growing of productiveness of parts and 
components of the processing industry results in some manifestations of insufficient observance of the 
technological discipline, especially related to the metallographic structure. Quickly changing conditions and 
requirements for the material innovation require at the same time also increasing of the quality of the control 
functions always where input raw materials are being purchased.  

Development trends of the world market of wires and products from them shows that these ecologic products 
have perspective branch in the future not only from the point of view of a wide spectrum of using, but mainly 
as an occasion for a wide spectrum of technical and technological innovations. The investigated territory is 
obtaining an occasion for the foundation of comprehensive technological chains, which are able to develop 
absolutely new material with functional properties, including nonstandard devices in branches with a high 
added value per one kilogram of production, such as products for medical equipment, components of aviation 
parts and details, space equipment and special technology in the sphere of textile, paper, glass industry, 
ceramo-metallic industry and powder metallurgy. 

Just an illustrative example of samples of the tested rods from nonferrous metals for the next processing can 
be shown for documentation in Figures 5 and 6. Input material was delivered from the company KGHM Poland. 
In the structure of copper rod (diameter 8 mm) are visible inclusions (dark points in Figure 5) which can 
influence the next technological processes (forging and drawing of wires) and mechanical properties of final 
products. Therefore, is very important to use the row material with very high chemical purity for next 
applications.  

 

Figure 5 Longitudinal cut across the copper rod (diameter 8 mm) - producer: firm KGHM Poland. State: non-

etched. There are visible Cu2O inclusions with a size of up to 10 μm. Scales a) 100 μm; b) 30 μm [7]. 

 

Figure 6 Transversal a) and longitudinal b) cut across of the copper rod, diameter 8 mm, supplier KGHM 

Poland. State: after etching. Scales: 100 μm. Structure has good quality after forming for following drawing of 

Cu wires for automotive industry [7].  

a) b) 

a) b) 
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4. CONCLUSION 

The investigated territory of the Czech Republic in comparison with the actual and future market misses its 

own raw-resource base of primary ores and mineral resources essential for the growth of the economic 

potential. It is very complicated in this country, similarly as it is in countries with a similar structure of the 

industrial spectrum, to utilize maximally available inner raw materials and semi-finished products for a higher 

degree of finalization as a germ for the development of the innovative potential. One of the benefits, which we 

inherited, was an ability to manage in a wide range the technological spectrum of parts and components 

essential for the final assembly. Professional continuity of knowledge and skills, professional know-how in such 

branches as brushware manufacture, filtration equipment from wire fabrics, production of wire ropes for special 

purposes, etc., was gradually lost because of disconnection of the technological chains within the investigated 

time line. Why bolts used for vehicle assembly should be imported from South Korea (long distance). Despite 

of these facts, development and research for new branches such as medical equipment, textile and glass 

industry, aviation equipment, etc. appears to be perspective. A comprehensive technological chain is one of 

the sources of competitive benefits of small industrial territories in a combat with the Made in Global World 

products.    
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Abstract  

This paper is dedicated to financial performance evaluation of metallurgy industry of the Czech Republic. 

Financial performance of the industry or company is a random process, which can be decomposed into the 

particular indicators. It is very important to find and to quantify main factors which influence financial 

performance of an industry the most.  

The aim of this paper is to evaluate financial performance of metallurgy industry in the Czech Republic in the 

period 2007 to 2016 according to the Economic value added indicator and to find main value drivers metallurgy 

industry in this period. For the analysis annual data in the period 2007 to 2016 will be used. The data for the 

analysis will be taken from the website of Ministry of industry of the Czech Republic.  

Firstly, Economic value added of the metallurgy industry will be determined in the analyzed period. Then, the 

method of pyramidal decomposition will be applied to Economic value added indicator. Dynamic analysis of 

metallurgy industry of the Czech Republic will be performed and main value drivers of metallurgy industry will 

be determined. In the conclusion of the paper, the role of metallurgy industry of the Czech Republic in 

manufacturing industry will be evaluated. 

Keywords: Metallurgy, manufacturing industry, financial performance, pyramidal decomposition 

1. INTRODUCTION 

Financial performance is one of the main key activities for each company. It is a random process, which can 

be decomposed into the particular indicators. Financial performance of an industry can be evaluated according 

to accounting indicators, economic or market indicators. In the past, financial performance has been analyzed 

by traditional indicators. These indicators are based on accounting information, see [1] or [2]. According to 

financial indicators it is not possible to show a proper picture on financial performance of an industry or 

company [3]. Based on other researcher, as [4] or [5] traditional measures of financial performance of industry 

or company based on accounting principles of determining income may be unsuitable in the new economic 

world where competitive advantage is driven by intellectual capital. That´s why nowadays modern indicators 

are more used. Modern methods used for financial performing of an industry or a company were presented 

e.g. [1], [5]. 

The aim of this paper is to evaluate financial performance of metallurgy industry in the Czech Republic in the 

period 2007 to 2016 according to the Economic value added indicator and to find main value drivers metallurgy 

industry in this period. 

2. METHODOLOGY 

In this chapter there are described methods used for financial performance of metallurgy industry in the Czech 

Republic in the analyzed period. For financial performance of metallurgy industry will be used pyramidal 

decomposition of economic value added and analysis of deviation, in this paper. 
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2.1.  Economic value added 

Traditional financial performance measures, such as NOPAT, ROI or ROE have been criticized due to their 

inability to incorporate full cost of capital and therefore accounting revenue is not a consistent predictor of firm 

or industry value and cannot be used to measure financial performance of industry or company, [3]. One such 

innovation in the field of internal and external performance measurement is Economic value added. This 

indicator is based on the concept of the economic profit. When the economic profit is positive, it means that 

company earns more than the weighted average costs of capital, which also means that some wealth for the 

shareholders is created. 

There are many ways how Economic value added can be expressed. Financial performance of metallurgy 

industry will be analyzed according to EVA - equity in this paper. EVA - equity is expressed as 

( ) ,
e

EVA ROE R E= − ⋅              (1) 

where ROE is return on equity, E is equity, Re are costs of equity. By using building model of Ministry of industry 

and trade of the Czech republic it is possible to express costs of equity as 

1 2 3 4e F
R R RP RP RP RP= + + + +             (2) 

where RF is risk free rate, RP1, RP2, RP3 and RP4 are risk premiums which are determined according to 

methodology of Ministry of industry and trade of the Czech Republic, mpo.cz. 

2.2. Pyramidal decomposition and analysis of deviation 

The pyramidal decomposition together with the analysis of deviation helps to identify the relationships between 

the financial ratios and quantify the impact of selected ratios on the base ratio, [6]. It is useful to apply the 

analysis of deviations for in-depth analysis of the impact of component financial ratios on the base financial 

ratio. It is possible distinguish two operations according to this analysis - additive relationship and multiplicative 

relationship, [6]. For the quantification of the impact under the additive relationship, see [7]. According the way 

in which the multiplicative relationship is handled, five basic methods can be distinguished, [7]. In this paper, 

integral method will be used for the deeper analysis of financial performance of metallurgy industry. Resulted 

influence quantification according integral method for any component ratio is expressed as 
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iscrete return of base ratio, 
ia

R  are discrete return of component ratio.  

There is in Figure 1 proposed pyramidal decomposition of economic value added of metallurgy industry. 

Economic value added is decomposed to these financial ratios where E is equity, ROE is return on equity, 

EAT is earnings after taxes, EBT is earnings before taxes, EBIT is earnings before interests and taxes, A is 

assets, RC is registered capital, OL is other liabilities, R is revenues, T is tax income, RF is risk free rate and 

RP1, RP2, RP3 and RP4 are risk premiums. 

From the Figure 1 it is clear, that economic value added is mainly influenced by the equity and spread, while 

spread is the main influencing factor. The impact of profitability, debt and determination of costs of equity are 

figured in other levels of decomposition. 
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Figure 1 Pyramidal decomposition of economic value added of metallurgy industry 

3. ANALYSIS OF FINANCIAL PERFORMANCE OF METALLURGY INDUSTRY AND THE ROLE 
OF METALLURGY IN MANUFACTURING INDUSTRY SECTOR 

The manufacturing industry (C) of the Czech Republic is an important segment of the economy, which is a 

significant carrier for the development of technologies, expertise and job opportunities. It has a long tradition 

in the Czech Republic. Its development has demonstrated the ability to maintain its position in the competitive 

environment, especially due to the entry of foreign capital, [8]. Manufacturing industry contains 24 segments. 

The absolutely dominant segment of the manufacturing industry of the Czech Republic is the automotive 

industry (29), which also acts as a multiplication factor for the development of other related sectors. Financial 

performance of automotive industry is analyzed in [8].  

According CZ-NACE classification metallurgy industry (24) is part of manufacturing industry (C). Metallurgy 
industry was chosen for the financial performance analysis. In the Table 1 there are amount of total revenues 

of whole manufacturing industry, metallurgy industry and automotive industry in the period 2007 to 2016.  

Table 1 Total revenues of manufacturing industry, metallurgy industry and automotive industry (mld. CZK) 

Total Revenues 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

C 2.302  2.260  1.880  2.180  2.478  2.575  2.567  2.930  3.020  3.024  

29 637  572  512  610  736  769  762  919  1.005  1.106  

24 201  215  120  156  177  163  155  173  161  149  

Metallurgy industry is broken into the following groups according to a Ministry of industry of the Czech Republic: 

(1) manufacture of iron, steel and ferro - alloys and sheet products, hot shaping of products, (2) manufacture 

of alloys and steel pipes and tubes, (3) manufacture of other products of fist processing of iron and steel, (4) 

manufacture and first processing of non-ferrous metals and (5) casting of metals.  

Czech metallurgical production is a highly material and energy intensive division. Czech metal processing is 

undergoing structural development, which began with the outbreak of the global crisis. Since 2013 there has 

been a turn towards growth and although steel production is unlikely to return to pre-crisis levels, production 

and consumption are growing and should continue to do so. 

.
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3.1.  Economic value added of metallurgy industry  

Financial performance of metallurgy industry is analyzed in the period 2007 to 2016. For the analysis annual 

data are used. Annual data of metallurgy industry were taken from the website of Ministry of industry of the 

Czech Republic. Financial performance of metallurgy industry is analyzed according to EVA - equity formula 

(1). 

Metallurgy industry of the Czech Republic is one of the main parts of the manufacturing industry in the Czech 
Republic. In the Figure 2 there is illustrating the evolution of economic value added of metallurgy industry 

compared to the economic value added of the manufacturing industry. From the Figure 2 it is clear that almost 

in all analyzed years economic value added of metallurgy industry is negative, only in 2007 and 2008 the value 

of economic value added of metallurgy industry is positive. Trend of economic value added of metallurgy 

industry is decreasing and the biggest fall is between years 2008 to 2009. 

 

Figure 2 Economic value added of metallurgy industry and manufacturing industry (thousand CZK) 

3.2.  Pyramidal decomposition of economic value added of metallurgy industry  

Method of pyramidal decomposition was applied for deeper analysis of the factors affecting economic value 

added of metallurgy industry evolution. Integral method was used for influence quantification according to 

formula (3). 

In Table 2 it is shown total change of economic value added of metallurgy indistry in 2007 - 2016. Economic 

value added of metalurgy industry decreased by 27.715.834 thousand CZK during the analyzed period. This 

decreaisng was caused mainly by the spread. Spread is difference beetwen ROE and Re. If the spread is 

negative it means that costs of equity are higher than return on equity. For a deeper analysis of all years of the 

analyzed period should be done.  

Table 2 Change of economic value added of metallurgy industry in 2007- 2016 (thousand CZK) 

Ratio Influence 

EVA -27.715.834 

Equity 3.980.712 

Spread (ROE - Re) -31.696.546 

After applying method of pyramidal decomposition to economic value added positive and negative effects of 

component ratios are found. 
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In the Figure 3 there is possible see the main influencing factors of the economic value added of metallurgy 

industry in analyzed period. Share of payables to equity ratio has the largest positive effect (7.227.213 

thousand CZK) to economic value added. Risk free rate is the second indicator which has the largest positive 

effect (5.200.792 thousand CZK) to economic value added. Share of earning after taxes to revenues ratio (-

14.405.881 thousand CZK), share of earning before taxes to EBIT ratio (-4.476.222 thousand CZK) and risk 

premium of financial structure (-12.859.209 thousand CZK) belongs to ratios with the largest negative effect. 

Economic value added of metallurgy industry is decreasing because of these ratios.  

 

Figure 3 Component ratios of Economic value added 2007 - 2016 (thousand CZK) 

 

Figure 4 Evolution of EVA, Equity and Spread of metallurgy industry 2007 - 2016 

In the Figure 4 it is shown the evolution of economic value added of metallurgy industry in period 2007 to 2016 

and also the evolution of equity and spread as the main influencing factor of economic value added. The largest 

fall of economic value added was between the years 2008 and 2009. This was caused mainly because of 

negative profit in 2009. Only in 2007 and 2008 spread was positive. In the period 2009 - 2016 spread was 
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negative. This was because of the low value of ROE. It means that firms in metallurgy generated low EAT and 

they were not able to evaluate their equity. Costs of equity were higher than profitability of equity in these 

years. 

3.3.  Discussion 

Financial performance of industry or company can be analyzed according to accounting, economic and market 

measures. Czech steel industry has been evaluated according to return on equity ratio, see [9]. Return on 

equity ratio is one of the accounting measures of the financial performance of an industry or company. 

According to this ratio it is possible to analyze only profitability of equity. Other disadvantage of accounting 

measures of financial performance of an industry or company is that these indicators are based on accounting 

data and does not reflect costs of capital. That´s why in this paper financial performance of metallurgy industry 

is analyzed according to economic value added. Economic value added indicator is one of the economic 

measures. According to this indicator it is possible analyze whole financial performance of an industry. 

Economic value indicator respect costs of capital and also owners requirements. Economic value added 

indicator can be decomposed in different ways, one of the way of decomposition can be found on the website 

of Ministry of industry of the Czech Republic. In this paper it is applied detailed pyramidal decomposition of 

EVA which reflect costs part, debt part and use of assets of industries or companies. Based on the results this 

analysis is detailed and unique.  

4. CONCLUSION 

This paper was dedicated to financial performance of metallurgy industry in period 2007 to 2016. Financial 

performance of metallurgy was analyzed according to economic value added indicator. Method of pyramidal 

decomposition was applied to this indicator and main influencing factors were found.  

Metallurgy industry is part of the manufacturing industry of the Czech Republic. The evolution of economic 

value added of metallurgy industry was compared to evolution of economic value added of manufacturing 

industry.  

Economic value added of metallurgy industry decreased in analyzed period. Economic value added was 

positive only in year 2007 and 2008. The largest fall of economic value added was between the years 2008 

and 2009, because in 2009 profit of metallurgy industry was negative. From 2009 to 2016 the spread was 

negative, it means that firms in metallurgy generated low EAT and they were not able to evaluate their equity.  

Between 2007 and 2016 the main influencing factors of the economic value added of metallurgy industry were 

share of payables to equity ratio, risk free rate, share of earning after taxes to revenues ratio, share of earning 

before taxes to EBIT ratio and risk premium 3. Share of payables to equity ratio and risk free rate had the 

largest positive effect, meanwhile share of earning after taxes to revenues ratio, share of earning before taxes 

to EBIT ratio and risk premium 3 have the largest negative effect, specially share of earning after taxes to 

revenues ratio. This also leads to decreasing of economic value added of metallurgy industry.   
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Abstract 

The aim of the article is to present selected actions taken in the field of natural environment as an important 

area of corporate social responsibility by enterprises from the metallurgical industry in Poland (division into 

steel, copper, zinc and lead producers). Analysis was carried out in the field of environmental policy, areas of 

impact on the natural environment and reduction of consumption of materials, raw materials, fuel, energy and 

water in the surveyed companies. Research on the opinion of entrepreneurs on the concept of CSR, its scope 

and application of the principles of social responsibility were carried out in January and February 2018 and 

included 93 micro (0-9 people), small (10-49 employees) and medium (50-249 employees) metallurgical 

enterprises conducting economic activity of the Mazowieckie voivodeship. The research was carried out by 

means of a diagnostic survey, and the basic research tool was an electronic questionnaire that was sent to the 

surveyed entities. The survey was sent to all metallurgical entities operating in the studied voivodeship - 93 

questionnaires were fully and correctly completed. The material obtained in this way was subjected to 

mathematical - statistical analysis. The arithmetic mean, independence test χ2, Chuprov convergence 

coefficient and C. Pearson coefficient (corrected and regular) were used. The results of the research showed 

medium interest of the small and medium-sized entrepreneurs from the metallurgical sector in their activities 

for the benefit of the natural environment. Documented and measurable environmental policy objectives were 

primarily developed by the owners of business entities producing steel and copper. 

Keywords: Corporate social responsibility, natural environment, SME, metallurgical sector 

1. INTRODUCTION 

The metallurgical industry in Poland is one of the most important branches in the entire economy. Production 

in the Polish metallurgical industry has been growing over the last few years and is expected to grow at least 

until 2019. It should also be emphasized that metallurgical products constitute a significant position in Polish 

foreign trade, but in recent years there has been an outflow of foreign investments in this industry [1, 2]. In 

Poland, the vast majority of steel production accounts for steel, and copper production is also noticeable [3]. 

The share of other metals, such as zinc and lead, is small. Since 2009, when the aluminum smelter in Konin 

has been closed, there is no entity dealing with this type of production in Poland [4].  

For several years in Europe, in the metallurgical industry, there is a growing interest in the concept of corporate 

social responsibility (CSR) and the implementation of its selected areas [5,6,7]. It is certainly related to greater 

knowledge in this field and promoting the implementation of this concept in business by the European 

Commission under a document called the Green Book - understanding social responsibility as an idea, under 

which companies voluntarily incorporate social and environmental issues into their business operations and in 

relations with their stakeholder groups [8,9].  

Corporate social responsibility (CSR) is a concept according to which companies at the stage of strategy 

building voluntarily take into account social interests and environmental protection, as well as relations with 
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their stakeholders [10]. Pursuant to the guidelines of the first international standard of social responsibility ISO 

26000, the natural environment is analyzed in terms of activities related to reduction of pollutant emissions and 

implementation of new technological solutions as well as protection and repair of damage in the environment, 

mainly through environmental policy, reducing the consumption of raw materials, fuel, energy or water [11,12]. 

In recent years, more and more metallurgical companies in Poland declare that they operate in accordance 

with the principles of social responsibility [13]. One of the factors initiating the interest in this concept among 

Polish steel enterprises were strategies implemented by companies that had long existed in the European 

Union and growing expectations of business partners and European organizations [14]. More and more Polish 

companies from the metallurgy sector understand this concept and undertake activities for social sustainable 

development in the aspect of the natural environment, conduct business responsibly and honestly, take care 

of clients, employees, business and social partners, are aware of their obligations in the market economy , the 

need to create patterns that allow to reconcile good financial results with activities for the benefit of society and 

the natural environment [15,16]. 

It should also be stated that social responsibility should be taken into account both inside and outside the 

enterprise, as the basis of business, and not as additional actions and ethical procedures undertaken in 

selected areas and activities of the organization [17,18]. Comprehensive activities of metallurgical enterprises 

regarding employees, society or the natural environment, having a consistent system of values on which all of 

the company's operations are based, is the possibility of its stable and proper functioning [19, 20]. Certainly, it 

will allow to avoid many risks and costs resulting from unethical behavior and incorrect decisions, all the more 

in such an important industry sector, which is certainly the metallurgical industry in Poland [21]. 

The aim of the article is to present selected actions taken in the field of natural environment as an important 

area of corporate social responsibility by enterprises from the metallurgical industry in Poland (division into 

steel, copper, zinc and lead producers). 

2. MATERIALS AND METHODS 

Research on the opinion of entrepreneurs on the concept of CSR, its scope and application of the principles 

of social responsibility were carried out in January and February 2018 and included 93 micro (0-9 people), 

small (10-49 employees) and medium (50-249 employees) metallurgical enterprises conducting economic 

activity of the Mazowieckie voivodeship.  

The research was carried out by means of a diagnostic survey, and the basic research tool was an electronic 

questionnaire that was sent to the surveyed entities. The survey was sent to all metallurgical entities operating 

in the studied voivodeship - 93 questionnaires were fully and correctly completed. The material obtained in this 

way was subjected to mathematical - statistical analysis. The arithmetic mean, independence test χ2, Chuprov 

convergence coefficient and C. Pearson coefficient (corrected and regular) were used. 

The analyzed sample was dominated by micro-enterprises - 63 %, small enterprises - 22 %, and medium-

sized enterprises - 15 %. Men were owners of 68 % of metallurgical enterprises analyzed, and women - 32 % 

of business entities from the surveyed sector. 

Almost 75 % of the respondents conducted activities in the field of steel production, which is characteristic for 

small and medium metallurgical companies in the scale of the whole of Poland. About 15 % of the respondents 

were involved in the production of copper, which resulted from the frequent localization of business entities 

near large urban agglomerations (distribution and sale of copper goods offered), especially in the vicinity of 

Warsaw, Radom, Skierniewice, Ciechanow or Plock. The remaining two sections, zinc and lead, accounted 

for around 10 % in the structure of the surveyed entrepreneurs. 
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3. RESEARCH RESULTS AND DISCUSSION 

The results of research conducted among small and medium-sized enterprises from the metallurgical industry 

show the average interest in environmental policy activities. About 11 % of respondents do not take any steps 

to implement ecological solutions and do not create environmental solutions. Over 60 % of respondents 

indicated that specific environmental solutions were implemented in the company and are accompanied by 

documented, real and measurable goals. On the other hand, every fourth owner of these activities refers only 

to the pro-environmental sensitivity, that is, the propagation of knowledge and sensitizing stakeholders to the 

aspect of environmental protection. It must be said that this is rather a declaration stage than the 

implementation of environmental principles in business practice by these companies from the metallurgical 

sector in Poland.  

In order to examine the statistical independence between the type of production in the metallurgical companies 

studied and the implementation of environmental policy by them, the χ2 independence test was carried out, 
which showed that the analyzed variables are interdependent (Table 1). Documented and measurable 

environmental policy objectives were implemented by steel-producing owners, and pro-environmental 

sensitivity was mainly promoted by people involved in the production of copper and zinc. In turn, a clear lack 

of actions in this direction took place among entrepreneurs offering lead on the market. The calculated 

coefficients have shown that the strength of dependence between these features is moderate. 

Table 1 Determination of statistical independence between the type of production in the metallurgical  

   companies studied and the development and application of environmental policy [own study] 

χ2 TEST OF INDEPENDENCE 

Hypothesis: 
H0: [tested variables are independent]  

H1: [tested variables are not independent] 

 = 15.77 >  = 6.55 the null hypothesis H0 is rejected in favor of alternative  

hypothesis H1 at α = 0.05 

T Czuprow’s convergence coefficient Txy = 0.68 

C Pearson contingency coefficient - simple Cxy = 0.74 

C Pearson contingency coefficient - corrected skorCxy = 0.87 

Variable X: The type of production in the metallurgical companies surveyed 
Variable Y: Development and application of environmental policy 

Every tenth respondent admitted that he does not implement measures to protect the environment and does 

not even wonder how their company affects the natural environment. About 24 % of respondents said that they 

analyze the environment and try to implement pro-environmental solutions, but only consider aspects closely 

related to the nature of the company's operations. It is certainly very positive that almost 65 % of entrepreneurs 

dealing with metallurgy in Poland declared constant concern and analysis of their business activities in the 

field of environmental protection as well as undertaking actions and specific solutions in this area.  

It was also tried to determine the statistical independence between the type of production in the metallurgical 

companies under study and the identification of areas of impact on the environment - the χ2 independence test 
showed that the variables tested are not mutually independent (Table 2). The areas of impact on the natural 

environment were analyzed to the greatest extent in steel production entities. In turn pro-environmental 

solutions, closely connected with the company's activity, occurred with the owners producing copper and zinc. 

Virtually no activities were undertaken in companies offering lead to the Polish market. It is also worth 

2χ 2

αχ
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emphasizing that the calculated coefficients showed a strong relationship between these features, especially 
this is demonstrated by the high value of the corrected C Pearson’s contingency coefficient.  

Table 2 Determination of statistical independence between the type of production in the metallurgical  

   enterprises under study and the identification of areas of impact on the environment [own study] 

χ2 TEST OF INDEPENDENCE 

Hypothesis: 
H0: [tested variables are independent]  

H1: [tested variables are not independent] 

 = 13,44 >  = 6,23 the null hypothesis H0 is rejected in favor of alternative  

hypothesis H1 at α = 0,05 

T Czuprow’s convergence coefficient Txy = 0.67 

C Pearson contingency coefficient - simple Cxy = 0.75 

C Pearson contingency coefficient - corrected skorCxy = 0.89 

Variable X: The type of production in the metallurgical companies surveyed 
Variable Y: Identification of areas of environmental impact 

Entrepreneurs were also asked about the aspect of reducing the consumption of materials and raw materials 
in their metallurgical company (Figure 1). Systematic monitoring and documentation of materials and raw 

materials consumption took place only in companies from the steel industry (almost 74 % of indications) and 

in copper producers (over 44 %) in Poland. To a very small extent, the level of consumption of materials and 

raw materials was accounted for by producers of zinc (only 16 %) and lead (only every tenth company). There 

is definitely a negative phenomenon in terms of environment, but also economic for entities from the 

metallurgical industry.   

 

Figure 1 Reducing the consumption of materials and raw materials in the surveyed enterprises [own study] 

The entrepreneurs from the metallurgy sector were also asked about their policies and activities regarding the 
consumption of fuels and energy (Figure 2). Here, also in the largest scope, the reduction of fuel and energy 

consumption took place in steel production companies (almost 71 % of responses) and copper (over 45 %) in 

Poland. Very unfavorable situation in the entities producing zinc (more than half does not take any action in 

this area) and lead (almost 69 % of indications for inactivity in the aspect of reducing fuel consumption or 

energy). 

2χ 2

αχ
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Figure 2 Reduction of fuel and energy consumption in the surveyed enterprises [own study] 

In the case of studied metallurgical companies producing steel, almost 69 % confirmed that they are trying to 
monitor, document and limit water consumption (Figure 3). 

 

Figure 3 Limitation of water consumption in the surveyed enterprises [own study] 

It is certainly very worrying that only every tenth company offering zinc and lead on the Polish market is taking 
steps to reduce and save water. The aspects related to the need of heating or sewage disposal are also not 

taken into account by these entities. 

4. CONCLUSION 

The results of the research showed the average interest of the small and medium-sized entrepreneurs from 

the metallurgical sector in their activities for the benefit of the natural environment. Entrepreneurs are trying to 

manage eco-philosophy and implement documented solutions towards environmental protection, good 

practices and ecological solutions. Documented and measurable environmental policy objectives were 

primarily developed by the owners of business entities producing steel and copper. The obtained research 

results to a certain extent confirm the opinions of other authors that Polish entrepreneurs lack pro-

environmental attitude, which is manifested, inter alia, in the fact that companies do not save basic resources 

and implement ineffectively selected solutions in the field of pro-environmental policy. 

Considering the above-mentioned issues, it seems reasonable to continue research in the aspect of the 

implementation of environmental policy in the SME sector from the metallurgical industry in Poland. Certainly, 
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an important element for further analyzes in the field of the natural environment should be the issue of 

cooperation between the SME sector and external partners, including suppliers. It is just setting them 

requirements related to environmental issues should become a standard among companies promoting and 

applying the CSR concept, especially in the metallurgical industry. If we adopt such a point of view and take 

into account all of the above elements, then certainly the pro-ecological measures taken by the SME sector in 

the metallurgical industry may also increase the competitive advantage on the domestic and global market. 
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Abstract 

The aim of this article is to present the directions of steel consumption in Poland, and to show the impact of 

economic conditions on this distribution. The study covered the period from 2006 to 2016. The following 

methods have been used in paper: descriptive, tabular, graphic and Pearson's linear correlation coefficient. 

The findings of the study indicate that only the consumption of long steel products was strongly linked to the 

economic situation, measured by the value of GDP, volume of demand and value of import. In the case of 

other product groups, such as flat steel products, cold-rolled steel pipes and profiles, there was no significant 

correlation with the market situation. Interestingly, no significant relationship was found between apparent 

consumption of finished steel products and industrial production. This means that steel, as a rule, was not a 

key element in these economy sectors, and their production was affected, to a greater extent, by other raw 

materials. Summarizing, the relationships between individual types of steel products and the economic 

situation should to be analyzed separately. 

Keywords: Steel industry, macroeconomic indicators, steel consumption, long products of steel 

1. INTRODUCTION 

Steel, together with concrete and wood, is one of the most important construction materials. The advantages 

of this material are great use possibilities, affordable price and the possibility of recycling [1]. The metallurgy 

and steel sector are separated in both EU and national documents. In the Polish Classification of Activities, 

metallurgy includes production of pig iron, ferroalloys, cast iron, steel and steel products, production of pipes, 

hoses, profiles, seals and fittings made of steel, production of flat cold-rolled products [2,3]. 

The production of iron and steel has been affecting the development of civilization for several millennia, as this 

raw material has been used in agriculture, construction, industry, machinery and equipment production, etc. 

Steel and iron played, along with coal and cotton, a large role in the industrial revolution [4,5]. Steel production 

grew very quickly in the second half of the twentieth century. At the same time, the share of European countries 

in global steel production was systematically decreasing. There was also an increase in productivity and 

production efficiency in this sector [6-8]. 

EU steel producers in 2016 to lose their competitive position over cheap steel imports from third countries. 

Non-EU steel imports in 2016 rose 43 % as compared to 2014. The share of steel import in the EU apparent 

consumption increased to 16 % from 12 % over that period. The decline in the competitiveness of EU-made 

steel was compounded mostly by high costs of EU environmental policies. These costs were not borne by third 

country producers [9]. 

In 2016, steel consumption in Poland amounted to more than 13 million tonnes. That was the highest level of 

consumption since 1989. The construction sector accounts for almost half (about 45 %) of domestic steel 

consumption. Other steel-consuming sectors of industry was metal products, automotive, household 

appliances. The main beneficiaries of steel consumption growth in Poland were foreign steelmakers as 

domestic deliveries accounted for only 31 % of ASU (Apparent Steel Use). The main barriers to the 

competitiveness of the polish steel industry include, besides cheap imports crowding out domestic suppliers, 
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high electricity and gas prices and the costs borne to meet environmental requirements. Another important 

barrier is the finished steel production output lagging behind the changing market [10]. The problem related to 

environmental protection is particularly important in Poland, which, apart from Germany, Austria and the Czech 

Republic, was the largest emitter of greenhouse gases in the metallurgical industry [11,12]. The measures 

taken to improve the efficiency of the steel industry are important because in a market economy enterprises 

should provide high quality products, in appropriate quantities, to the right customer at the lowest costs and 

capital involvement [13] 

In Poland, domestic production accounted for an average of 73 % of the apparent consumption, which means 

a significant level of imports of steel products. In the EU, however, production exceeded, on average, around 

4 % the level of apparent consumption. The assortment structure of steel products consumption in Poland was 

similar to that in the EU: a significant share (over 50 %) were flat products, about 35 % long and about 10 % 

pipes and profiles. In Poland, import of products significantly exceeded their exports. For example, the total 

domestic demand for flat products was met in approximately 90 % by import [14-17]. 

The iron and steel market is sensitive to the general economic situation as well as to the industries based on 

steel and metal [18,19]. 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 [20]. 

The main aim of the paper is to determine the relationship between the apparent consumption of finished steel 

products in Poland and the overall economic situation. In addition, specific objectives have been adopted, 

including presentation of the situation in the sell of finished steel products, determination of the condition and 

changes of the economic situation, and illustration of the influence of the market and economic situation on 

sell of finished steel products in Poland. 

2. METHODOLOGICAL BASES 

The period covered by the study is between 2006 and 2016, 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 Main Statistical Office, and almanacs of the Polish Steel Association. The following methods have been 

used in this paper: descriptive, graphic and Pearson's linear correlation coefficient. 

3. RESULTS 

The production of crude steel in Poland in the years 2006-2008 was about 10 million tonnes (Figure 1). A clear 

decline was only visible in 2009 at the time of the economic crisis. In the following years, the production of 

crude steel remained at the level of 8-9 million tonnes. This production category is the basis for the production 

of steel elements for the needs of various industrial sectors. The share of steel from the BF/BOF process was 

higher than the steel produced by the electric arc furnace route. In 2016, 5.1 million tonnes of BOF steel (57 

%) and 3.9 million tonnes of EAF steel (43 %) were produced. In 2016, the average utilisation of production 

capacities in the domestic steel industry amounted to 72%. Both BF + BOF and EAF processes are cutting 

edge and BAT compliant. Poland’s share of overall steel production in the EU was 5.6%. In 2016, The total 

quantity of crude steel made in Poland includes non-alloy steels accounting for 92 %, alloy steels at 8%, and 

corrosion resistant steels at 0.01 %. 

The turnover of foreign trade in metal products has been systematically increasing (Figure 2). Only during the 

economic crisis in 2009 there was a decline in exports and a greater extent of imports. After the economic 

crisis, imports increased faster than exports. This shows some dependence of industrial plants on steel from 

abroad. The balance of foreign trade in 2016, both by volume and by value, was negative and amounted to -

4.5 million tonnes and - EUR 3.2 billion, respectively. In 2016, the shipments to the EU accounted for 91 % of 
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total Polish exports. In this year, imports from EU countries increased 6% and, as in previous years, accounted 

for almost 75 % of total imports. 

 
Figure 1 Crude steel production in Poland in 2006-2016 (million tonnes) [10] 

 
Figure 2 Export and import of steel products in Poland in 2006-2016 (million tonnes) [10] 

Table 1 Apparent consumption of finished steel products in 2006-2016 (million tonnes) [10] 

Years 

Apparent consumption of finished steel products (mln tonnes) 

total long products flat products 
tubes and hollow 

seciotns 

2006 10.7 4.2 5.5 1.0 

2007 12.0 4.8 6.1 1.1 

2008 11.5 4.3 6.1 1.1 

2009 8.2 2.9 4.4 0.9 

2010 9.8 3.4 5.4 1.0 

2011 11.0 3.8 6.1 1.2 

2012 10.4 3.2 6.0 1.2 

2013 10.3 3.4 5.9 1.1 

2014 12.3 4.5 6.7 1.1 

2015 12,.5 4.6 6.9 1.0 

2016 13.1 4.7 7.3 1.1 
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Table 2 Pearson correlation coefficients between apparent consumption of finished steel products in Poland  

  and selected parameters in 2006-2016 [own study] 

Economic parameters 

Pearson correlation coefficients between volume of finished steel production 
in Poland and selected economic paramets 

finished steel 
products total 

long products flat products 
tubes and 

hollow sections 

GDP value 

p value 

0.350 

0.292 

0.616 

0.044 

0.086 

0.800 

0.029 

0.932 

GDP per capita 

p value 

0.384 

0.244 

0.042 

0.902 

0.625 

0.040 

0.326 

0.328 

Gross value added 

p value 

0.350 

0.291 

0.621 

0.041 

0.083 

0.808 

0.023 

0.946 

Value added in industry 

p value 

0.313 

0.349 

0.576 

0.064 

0.073 

0.831 

-0.065 

0.849 

Value of omestic demand 

p value 

0.466 

0.149 

0.723 

0.012 

0.201 

0.553 

0.019 

0.956 

Value of export 

p value 

0.508 

0.111 

0.551 

0.079 

0.411 

0.209 

0.227 

0.501 

Value of import 

p value 

0.565 

0.070 

0.669 

0.024 

0.413 

0.207 

0.159 

0.640 

Inflation 

p value 

-0.576 

0.064 

-0.533 

0.091 

-0.594 

0.054 

0.234 

0.489 

Unemployment rate 

p value 

-0.630 

0.038 

-0.581 

0.061 

-0.614 

0.045 

-0.004 

0.991 

Value of investment 

p value 

0.472 

0.143 

0.717 

0.013 

0.213 

0.529 

0.126 

0.712 

Industry production 

p value 

0.377 

0.253 

0.526 

0.970 

0.209 

0.537 

0.151 

0.658 

Construction industry 

p value 

-0.095 

0.781 

0.174 

0.609 

-0.319 

0.339 

-0.036 

0.916 

Manufacture of metal products 

p value 

0.368 

0.265 

0.452 

0.163 

0.239 

0.479 

0.351 

0.290 

Manufacture of machin ery and 
equipment 

p value 

0.380 

0,249 

0.562 

0.072 

0.167 

0.624 

0.055 

0.872 

Manufacture of motor vehicles, trailers 
and semi-trailers 

p value 

0,465 

0,150 

0.583 

0.060 

0.341 

0.305 

-0.015 

0.965 

Manufacture of large domestic 
appliances 

p value 

0,143 

0,675 

0.254 

0.451 

-0.002 

0.995 

0.245 

0.468 

The Steel Weighted Industrial 
Production Index (SWIP) 

p value 

0,307 

0,358 

0.576 

0.064 

0.073 

0.831 

-0.065 

0.849 
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The apparent steel consumption in Poland after the economic crisis of 2009 systematically increased  
(Table 1). This shows the growing needs of the economy. The largest demand was reported for flat products, 

followed by long products. Stable demand was for cold-formed pipes and sections and amounted to around 1 

million tonnes. In 2016, flat products accounted for 55% of the total domestic finished steel apparent 

consumption. The share of long products in the total consumption was 36% while tubes & pipes and hollow 

sections took the remaining 9%. 

Pearson’s linear correlation coefficient was used to determine the correlation between Apparent consumption 

of finished steel products in Poland and selected measures of economic situation. The correlation coefficients 
were calculated for the period 2006-2016. Table 2 summarises the results of the correlations and shows the 

p-value. The significance threshold was set at p = 0.05. Significant correlations were marked with grey 

background in the text. The correlation coefficients were calculated separately for the finished steel products 

total and for particular types of this products. 

In the case of most parameters, no significant relationships were found, which indicates a weak relation 

between the apparent consumption of steel products and the economy. The greatest amount of dependencies 

occurred in the case of long products. The relations of this parameter of steel consumption with the value of 

GDP were significant (correlation r = 0.616, p = 0.044), gross added value (r = 0.621, p = 0.041), the value of 

domestic demand (r = 0.723, p = 0.012), import value (r = 0.669, p = 0.024), investment value (r = 0.717, 

p=0.013). The correlation was strong and positive. This means that the apparent consumption of long products 

of steel was strongly correlated to economic situation. The correlations applied both to domestic economies 

and the economic situation in foreign markets. Detailed results for individual parameters are presented in  
Table 2. Interestingly, no significant relationship was found between apparent consumption of finished steel 

products and industrial production, i.e. the production of the construction industry. This means that steel, as a 

rule, was not a key element in these economy sectors, and their production was affected, to a greater extent, 

by other raw materials. 

4. CONCLUSION 

The study shows that the apparent consumption of finished steel products was not strongly linked to the 

situation in the economy. The consumption of long steel products was the only type of consumption which 

depended on the economic situation. In the case of other product groups, such as flat steel products, cold-

rolled steel pipes and profiles, there was no significant correlation with the market situation. There was no 

significant correlation between these parameters and for example Steel Weighted Industrial Production Index. 

Interestingly, no significant relationship was found between apparent consumption of finished steel products 
and industrial production. Steel was not a key element in these economy sectors. This result shows that the 

relationships between individual types of steel products and the economic situation should to be analyzed 

separately. 
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Abstract 

The new Industry 4.0 concept gives new development opportunities to large enterprises. It allows you to build 
a competitive advantage in the market and significantly increases their competitiveness. However, a question 
arises as to what about small and medium enterprises? They have incomparably less opportunities to raise 
capital to modernize and automate their infrastructure. They are unable to create together fully automated 
factories of the future. 

The article attempts to identify the possibilities of building production networks by small and medium-sized 
enterprises, which will be able to jointly create modern factories as part of the Industry 4.0 concept. This creates 
many new opportunities for the development of small and medium enterprises, but it is also a huge challenge. 
The aim of the article is to identify the most important problems that SMEs have to overcome in order to build 
modern production networks together. 

Keywords: Cyber Industry Network (CIN), metallurgical production network, Industry 4.0, SME's 

1. INTRODUCTION 

The dynamic development of information technology and modern trends in the management of metallurgical 
enterprises have contributed to the growth of competition in the global market. Modern companies are forced 
to continually adapt to growing customer requirements for product quality, shorter lead times for production 
orders, reduced costs and prices and introduced innovative solutions to gain a competitive advantage in the 
market [1,2]. Currently in the metallurgical industry there is a very strong competition from developing countries 
such as China or India. The products which they offer have very low prices compared to European companies. 
It is not possible very often to produce such cheap products in Europe primarily due to the large labor costs. 
In order to gain a competitive advantage in the market, a completely new, incomparably more modern and 
innovative approach to manufacturing and management of a company is needed which dramatically increase 
productivity and also to help building very fast, efficiently managed supply chains [3,4]. 

The answer to this challenge may be the concept of the Industry 4.0, which is based on the Internet of Things 
(IoT), cloud computing and big data. As a result, large, very modern smart factories are created with a very 
high degree of automation, using the Internet for communication. However, it is a solution dedicated mainly to 
large enterprises with significant capital, because the costs of modern machines that are able to communicate 
with each other and automatically respond to received information are very high. Equally large expenditures 
require specialized software and personnel composed of high-class specialists. Thus, the question arises: 
What role can small and medium-sized enterprises play in the development of the Industry 4.0 concept in 
metallurgical industry? 

The article attempts to identify the possibilities of building production networks by small and medium-sized 
metallurgical enterprises, which will be able to jointly create modern factories as a part of the Industry 4.0 
concept. This creates many new opportunities for the development of small and medium enterprises, but it is 
also a huge challenge. The aim of the article is to identify the most important problems that SMEs have to 
overcome in order to build modern production networks together. 
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2. MAIN ASSUMPTIONS OF THE INDUSTRY 4.0 CONCEPT  

The concept of the Industry 4.0 means that production is dominated by Internet-connected machines. 
Production data is collected in real time by machines equipped with advanced software and provides real-time 
error correction. Self-monitoring of machines enables the design of automated supply chains in which delays 
are detected and regulated so quickly that they hardly ever appear. The combination of all devices with the 
Internet ensures that the machines and devices are immediately used by the monitoring software and the 
correct service time is determined. The human influence on the production process is very limited. Machines 
play a dominant role in all aspects of product manufacturing. The life cycle of products is radically shortened 
[5,6]. 

The integral parts of the Industry 4.0 are: automation, Internet of Things, cloud technology, big data, connection 
and system integration (see Figure 1). Internet of Things (IoT) is a system in which all the machines, devices 
and other physical objects are connected to a central or a cloud-based server though a network (Internet) and 
has a ability to monitor and control its functioning [7,8]. It is a kind of a network of smart devices or objects 
which either has built-in wireless connectivity or embedded external sensors, actuators or other mechanism 
that can collect and transmit information about the objects or the devices. Furthermore, the collected data can 
be analyzed and processed using big data analytics techniques to optimize any product, services, etc. [8,9]. 

 

Figure 1 Integrated elements of Industry 4.0 

The Internet of Things consists of two key elements: Sensor Network and Cloud Computing. A sensor network 

is connected with the object or embedded within the object. It is used to monitor, transmit, analyze and record 

different conditions, which are detected by a sensor node. Each sensor node includes a transducer, 

microcontroller, transceiver, and a power supply. Such the physical sensations like temperature, pressure, 

humidity, vibrations, or any vital body functions are detected by a sensor. Then the transducer converts them 

to an electrical signal and transmits to a microcontroller which processes and stores these all signals. The 

transceiver receives a command from the central server and send stored information to the central server for 

analyzing. All the information and data from these devices are stored in a central cloud server. In this place 

they can be also shared, computed, and analyzed according to the needs. This information can be accessed 

from any place in the world by using laptops, smart phones, tablets, etc. [8,10-11]. 

3. CHARACTERISTIC OF PRODUCTION NETWORKS 

The functioning of production networks has been observed on the market for several years, most often in the 

form of clusters. Business partners establish long-term or temporary cooperation with other stakeholders, thus 

creating network organizations to reduce costs and exploit business opportunities unachievable for each of 
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these enterprises separately. The largest clusters on the market are companies from the industry sector, such 

as automotive (Detroit, Toyota City, southern Germany, Slovakia), pharmaceuticals (Basel, New Jersey), 

watchmaking (Switzerland) and aviation (Seattle, Montreal, Toulouse). The most well-known is the Silicon 

Valley cluster in Northern California, where thousands of companies operate in the high tech sector. Clusters 

are becoming increasingly popular also in Poland and other European countries. Very often they are created 

in the vicinity of strong academic centers, which have adequate resources of human capital and research 

facilities. Very often, clusters have a cross-sectoral character, i.e. include both production companies as well 

as specialized institutions providing services to a cluster of entities such as research and development 

institutions, capital funds, corporate marketing, analytical, training, etc. [12].  

The cluster concept is an important element of the European Union's economic policy - the priority strategy 

'Europe 2020', which includes [13]: 

• smart development - development of the knowledge-based economy and innovations; 

• sustainable growth - supporting a more resource efficient, more environmentally friendly and more 

competitive economy; 

• inclusive growth - supporting a high-employment economy that ensures social and territorial cohesion. 

The creation of clusters and their subsequent functioning is associated with many problems. In Poland, these 

are mostly soft barriers (nature of mentality). One of them is the low tendency of Polish enterprises to cooperate 

with each other and with the sphere of science and the business environment. Such reluctance is mainly due 

to the lack of trust between business partners and the dominant culture of misunderstood predator competition. 

Companies do not see the possibility of joint development or cooperation opportunities as an opportunity to 

improve the competitive position of a single company [14,15]. 

In the current situation, when the Industry 4.0 concept gives completely new opportunities and pressure to 

introduce its assumptions is growing, the approach to creating production networks can change significantly. 

SMEs in metallurgical industry have a problem to adapt their technical infrastructure to the needs of large 

modern smart factories. For this reason there is a good chance to create new production networks. They will 

be much more willing to try to enter into completely new supply chains and will create production networks for 

future exclusion. The experience related to cluster forms can be used to build smart factories in the form of 

production networks. 

4. THE IDEA OF THE SMART FACTORY BUILDING AS A PRODUCTION NETWORK - 
PRELIMINARY RESEARCH RESULTS 

The Industry 4.0 concept can be a great opportunity for development for small and medium enterprises. 

However, they must cooperate together and jointly build modern factories in the form of production networks. 

Technologies and technical infrastructure used by Industry 4.0, give much greater opportunities to create 

production networks. Such a solution primarily enables the specialization of SMEs in the performance of 

individual processes and, despite the small capital, it can guarantee participation in a modern, fully automated 

supply chain [16]. 
The idea of a production network called the Cyber Industry Network (CIN) means the manufacturing of joint 

production orders using fully automated processes of individual network partners, in which communication 

takes place via the Internet, and the necessary data is stored in the cloud (cloud technology) [17,18]. This 

enables constant access of all participants of the network to selected, necessary information from anywhere 

in the world. Thus, the chance for development arises in creating a partnership consisting in the combination 

of specialized competencies and ability to change in order to better meet customer expectations and enable 

effective acquisition of competitive advantage in the market. The schema of the Cyber Industry Network (CIN) 
is presented in Figure 2. 
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Figure 2 Schema of the Cyber Industry Network (CIN) 

The main goal of research is to develop a procedure for creating Cyber Industry Networks (CINs). The current 

preliminary research stage consisted in identifying barriers related to the creation of CIN. Therefore, an survey 

was conducted among the management staff of randomly selected enterprises belonging to the metal clusters 
in Poland. The results of preliminary study are presented in Table 1.  

The authors of the article propose to develop the standards which help to create and manage of the Cyber 

Industry Networks on the basis of simple rules. The broker is a person which is responsible for complying with 

such standards. He also deals with the organization, management and eventual liquidation of the CIN. The 

broker accepts and acquires orders for the network and distributes tasks for individual network partners. Each 

order is treated as a separate project.  

Table 1 Main barriers of the Cyber Industry Network building - results of preliminary research (own study) 

Position Barrier Percent of answers  

1 The lack of technical infrastructure required in the Industry 4.0 concept 92% 

2 No specialized software 78% 

3 The risk associated with unfair partner practices 48% 

4 No entry and exit procedures from CIN 46% 

5 No specific procedures of settlement for network partners 42% 

6 Unclear rules of the network functioning 38% 

7 No ethical rules regarding the flow of information and their disclosure 21% 

8 No clear rules for cooperation with non-network partners 11% 

On the basis of the conducted survey results six standards of creation CIN were identified:  

1) technical solutions which allow communication and functioning as a smart factory of several partners; 

2) clearly defined procedures for joining and leaving CIN; 
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3) settlement within CIN; 

4) the organizational structure of CIN; 

5) applying good practices (ethical rules of cooperation and counteracting unhealthy competition); 

6) principles of cooperation with non-CIN partners. 

5. CONCLUSION 

Implementation of the Industry 4.0 concept is associated with the need to have significant capital for 

technologically advanced infrastructure, specialized software and highly skilled personnel. For the group of 

small and medium enterprises, this is an important barrier that prevents creation of smart factories 

independently. However, this sector can create production networks and jointly execute production orders as 

a group of specialized independent entities using the competences and capabilities of each partner. 

The article proposes the creation of the Cyber Industry Networks, in which a group of small and medium-sized 

metallurgical enterprises can jointly execute production orders, which far exceed the capabilities of each of 

them. The broker plays an important role in CIN. His main task is organization of the network, its management 

and eventual liquidation.  

CIN uses the high specialization of its partners and enables the creation of alternative units for smart factories. 

Network partners communicate with each other using the Internet, cloud technology and big data. The 

development of CIN operating standards increases the trust of joint manufacturing partners and creates clear, 

simple rules of functioning as a network. The barrier resulting from the inability to acquire large capital needed 

to implement the Industry 4.0 concept disappears by combining the possibilities and competences of many 

small and medium enterprises. 
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Abstract 

The paper describes an analysis of storing and inventory management in a metallurgical company and 

proposes actions for the improvement of the current situation. Methods of ABC and XYZ analysis according to 

the preliminary determined criteria are used for the evaluation of inventory management. The paper also 

proposes the use of a consignment storehouse and implementation of the inventory management by the 

supplier for the selected material items. 

Keywords: Logistics, inventory, analysis, consignation, storehouse 

1. INTRODUCTION 

The theme of logistics can be imagined as a set of consequential activities including management, realization 

of movement and storage. Costs for raw materials transportation are influenced by combination of these 

activities, but it is not the only effect. A level of customer's service and a rate of reaction are also appreciated 

[1]. 

Storing systems enable concentration of delivery from several manufacturers on one place, from which 

particular consignments can be delivered to customers according to their needs and requirements. Some 

individual deliveries can be, thus, replaced by a single delivery and can reduce by this operation costs. 

There are several types of storehouses classified by function within the supplying system; this analysis is dealt 

with consignment storehouses. It means that a customer establishes consignment storehouses at a supplier 

side, from which the customer withdraws the goods according to its needs and also manages inventory stocks 

by notifying the supplier about a necessity of their addition (until they mutually interconnected by a suitable 

information and control system). The goods are stored in consignment storehouses at the expense and risk of 

the supplier.  

The analyzed transnational company, hereunder referred as the company, is situated in South Moravian 

Region, nevertheless it has its affiliates all around the world. The company includes three divisions. Whereas 

the division situated in South Moravian Region is one of the world high-ranking suppliers of a wide range of 

metallurgical material, products from iron that are being used in very different industrial plants. The most 

frequently manufactured assortment includes tubes, profiles, sheet metal, reinforcement steels, wires, welded 

meshes used mainly in the metallurgical but also building industry, which are further used in all types of 

industrial branches.  

Criteria being preliminary defined by the company to determine suitability of engaging of the supplier to 

consignation include A and B inventory stocks determined on the basis of the ABC analysis. It also considers 

demanding of the storage of such a material and its practical usability for the consignation. And especially 

whether during implementation of suppliers to the consignation, financial resources will be saved. In practice, 

the last of the above-mentioned criterion is popular because the most expensive items are proposed for the 

consignation, however with regards to the frequency of their consumption. A possibility of more frequent 

material withdrawal, then, suggests itself and, by this, the decrease of the minimum ordering batches.  
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The analyzed company sees a big benefit in the implementation of consignment storehouses, that's why they 

attempt to develop them. At the present time, the company have established 50 consignment storehouses. 

Their number continues to grow. Considerable financial resources are being save by this. The company 

possesses a central storage premise where a certain premise is reserved for the proper lodgment of suppliers' 

materials in the consignment. It means that the material is a property of the supplier until it is removed from 

the storage and transferred to the consumption; at this moment, it is transferred to the customer's property.   

2. INVENTORY MANAGEMENT 

Inventory stocks represent a big cost investment for each company. Their size influences the operating results. 

They are a subject of implementation of separate production processes. Their correct management in company 

can cover unpredictable fluctuations in the production process. Time-related and capacity discordances are 

often solved between production and consumption. A negative exposure of the inventory stocks is primarily a 

big allegiance of the capital, further there are risks resulting from technological progresses: it can happen that 

they would be unusable, and in a worse case unmarketable by reason of non-compatibility with another 

material [2], [3].  

Supplying is one of the most important activities in a company and it is necessary to manage it correctly. 

Provided it is correctly set, fluency of production and fulfillment of the required aims is then ensured. A size of 

the inventory stocks is not precisely defined, it depends on a company’s strategy and plenty of factors [4]. 

The logistics department is wrestling with important tasks. The first is that an amount of inventory stocks was 

always available in a storehouse, however this amount must be chosen so that a course of the work line was 

not threatened by reason of a lack of material quantity. But on the other hand, it is necessary to be particular 

on that a capital was not uselessly bound in the inventories. To ensure the effectiveness of this system, the 

company endeavors to improve the supply-customer's relationships. The most frequent expressions of these 

relationships are the decrease of the minimum ordering batches to a needed minimum, the decrease of so 

called safety inventories which have to cover errors occurred from the side of a supplier and last but not least 

also implementation of consignment storehouses [5]. This special type of storehouses can be characterized 

as a storehouse which is established by a customer for the supplier and bears all responsibility for its operation. 

The supplier has a bound capital in inventories in this type of storehouse till the moment of consumption when 

an invoice for consumed material is issued. A significant benefit of this is that in case of correctly set conditions, 

whole responsibility is transferred to the supplier and company, thus, saves costs which would result from 

planning of the purchase orders of the material items [6]. Since the supplier has a precise review about a 

consumption of its material, and in interest of preservation of the fluency of the production process of the 

supplier, it governs and optimizes its process of supplying of other inventories [2], [7]. 

To determine suitability of a supplier for the implementation into the system of consignment, methods of 

inventory management were applied, in this case these were methods of ABC and XYZ analyses. 

2.1. ABC ANALYSIS 

This analysis is the most frequently used method going from the formula of the value and inventory volume. 

Differentiation of inventory management occurs, where a company classifies items depending on their 

importance. The ABC analysis includes the classic Pareto analysis which is alternatively signed as a 80/20 

rule, which means that 80 % of the consequences results from 20 % of the number of all possible causes. To 

enable application of this method, it is necessary to keep at disposal data about the consumption of separate 

items for a certain time period [8]. 

There are the following categories: 

• Category A - The most important items with the biggest share in the turnover. The state of inventories 

is here systematically checked, and they shouldn't be fully run out because they create 80 % of the total 
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consumption of the company. This type of items should be ordered in a smaller amount and more 

frequently because it bounds a big volume of capital upon itself.  

• Category B - Semi-important items. This category includes about 15% of the consumption. Items are 

checked less frequently than the items from Category A. It is higher size of supplies here as well as a 

safety stock.  

• Category C - The least important items creating about 5 % of the consumption. These items have the 

biggest share in a company and they are cheapest [9]. 

2.2. XYZ ANALYSIS 

This method extends the ABC method. It is mainly used in big companies. This method is a classification of 

company’s turnover rate and tracks items depending on a character of their consumption. To enable creation 

of the analysis, it is necessary to go from either the historical data of the storage movements or on the basis 

of future predictions [2]. 

To classify correctly the inventories by category, it is necessary to calculate correctly a coefficient of variation 

(vi), according to the formula (1). 

®� � Å�
��

∗ 100 �%�           (1) 

Where: 

hi - average value of consumption of ith item, 

si - standard deviation of consumption of ith item, calculated from the formula (2). 

�� � �D
� ∑ �ℎ�û � ℎ��&�û�D            (2) 

Where: 

hij - value of consumption of ith item in jth month, 

n - number of months. 

On the basis of the above-mentioned formulas, calculations and parameters for the classification of separate 

items to the following categories will be obtained [2]: 

• X - uniform consumption of items, moderate fluctuations with a high prediction, 

• Y - strongest fluctuations, medium-hard prediction, 

• Z - irregular consumption of items. 

For the creation of the ABC/XYZ matrix, specific strategies of forward buying or storage are assigned to 

separate classes of types of the material items. The most beneficial usage of the logistics technologies is the 

AX combination, where the JIT delivery is being used; a delivery can be supplied to a customer in some 

minutes period of time. Further, AZ and BX, when deliveries can be performed in some hours period of time. 

On the contrary, the CZ combination means delivery for a demanding purchase order, mainly once in a while, 

for example, it could be air transport from a central storehouse. 

3. OPTIMIZATION OF INVENTORY MANAGEMENT 

The ABC and XYZ analysis will be performed in the next chapters with its consequential evaluation. An actual 
state of the inventories will be investigated, and the minimum and maximum quantity of the inventories to be 
order will be proposed. The selected types of the metallurgical material items are varied. Ranging from various 
forgings, castings to tubes, profiles, sheet metal, reinforcement steels and wires that is company working with 
to best satisfy customer requirements. 
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3.1. PROPOSAL FOR THE STORAGE AND INVENTORY MANAGEMENT IN A CONSIGNMENT 
STOREHOUSE 

As was already mentioned, classification of inventories with help of the ABC analysis is used while decision-
making about which items have to be inserted in the consignment. It is suitable to focus on Category A, where 
there are items with the highest turnover. The next condition can be identification of critical inventory stocks, 
which are items that have to be necessarily in stock. And the last condition is also a financial aspect when it is 
beneficially to put the most expensive items into the consignment. 

Table 1 ABC and XYZ analysis [own study] 
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87.90357L 98.45 18,880 1,858,647 17.69 A 1,573 499.36 31.74 X AX 

96.02285M 99.46 11,385 2,991,002 28.47 A 949 265.13 27.95 X AX 

96.00137-1 49.22 14,370 3,698,332 35.21 A 1,198 424.61 35.46 X AX 

01154570P 22.84 30,587 4,396,795 41.86 A 2,549 779.88 30.60 X AX 

96.02194M 125.85 3,780 4,872,499 46.39 A 315 114.06 36.21 X AX 

96.11862-6 71.04 3,832 5,144,736 48.98 A 319 88.77 27.80 X AX 

96.02074 42.12 5,061 5,857,741 55.77 A 422 151.44 35.91 X AX 

96.007204 91.34 2,174 6,255,230 59.55 A 181 57.48 31.73 X AX 

96.00973 91.34 2,098 6,446,863 61.37 A 175 81.76 46.76 X AX 

96.11225 84.24 2,202 6,632,353 63.14 A 184 90.72 49.44 X AX 

96.01637 76.12 1,849 7,900,182 75.21 A 154 75.46 48.97 X AX 

5183-9912K 7.05 14,192 8,685,674 82.69 A 1,183 407.07 34.42 X AX 

96.005566P 33.49 2,329 9,446,548 89.93 B 194 79.77 41.10 X BX 

033370563S 65.80 1,095 9,595,008 91.34 B 91 29.65 32.49 X BX 

96.012213 31.46 1,140 10,504,300 100.00 B 95 39.50 41.58 X BX 

XVC7202-05B 37.86 0 10,504,300 100.00 C 0 0.00 0.00 - - 

As is clear from Table 1 below, first of all the ABC analysis was carried out, when the sales were calculated 
on the basis of the determination of the price per one piece of material and the annual consumption of separate 
inventory stocks. The cumulative share was calculated as a share of so-calculated final cumulative sum and 
separate cumulations for each inventory stock. It enabled determination of which category separate inventory 
stocks fall into according to the criteria specified in Chapter 2.1. Consequently, an average consumption of 
separate inventory stocks was determined, and a standard deviation (2) and coefficient of variation (1) were 
calculated according to formulas specified in Chapter 2.2. At the conclusion, a matrix consisting of the letters 
of the results of the both analyses were created. 

A supplier for the concrete purpose of consignment in the monitored metallurgical company was proposed, 

which is a supplier of 16 types of metallurgical inventory stocks in total. On the basis of the ABC analysis, 

however, there was determined that one type of inventory stock is classified to Category C, which is fully 

insufficient for the purpose of consignment; a reason of it is its very irregular consumption It was used not a 

single time for the monitored period of 1 year in the production.  
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That's why we use other 15 types of inventory stocks for the next research, whereas it is necessary to note 

that the selected supplier is a suitable candidate for the implementation of the consignment because all 

material items fall into the AX and BX groups. As is clear from the above-mentioned, it is very important for the 

company and supplies strategical metallurgical materials. The company uses a form of division of the 

implementation to several gradual phases, whereas at the present it is in a first phase, i.e. a preparation phase. 

Table 2 Proposal for the storage of inventory stocks [own study] 

  Actual state Proposal 
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87.90357L 98.45 1,573 2,439 AX 649 63,891.00 CZK 253 24,924.56 CZK 240 23,626.87 CZK 240 23,626.87 CZK 

96.02285M 99.46 949 1,391 AX 178 17,703.92 CZK 237 23,594.67 CZK 300 29,838.06 CZK 100 9,946.02 CZK 

96.00137-1 49.22 1,198 1,820 AX 1,130 55,621.65 CZK 685 33,710.84 CZK 300 14,766.81 CZK 200 9,844.54 CZK 

01154570P 22.84 2,549 4,154 AX 4,015 91,683.73 CZK 3,672 83,843.96 CZK 8,000 182,682.40 CZK 300 6,850.59 CZK 

96.02194M 125.85 315 549 AX 247 31,084.36 CZK 143 18,053.41 CZK 200 25,169.52 CZK 60 7,550.86 CZK 

96.11862-6 71.04 319 488 AX 337 23,941.49 CZK 192 13,666.09 CZK 300 21,312.90 CZK 60 4,262.58 CZK 

96.02074 42.12 422 697 AX 584 24,597.15 CZK 359 15,114.76 CZK 1,000 42,118.40 CZK 100 4,211.84 CZK 

96.007204 91.34 181 289 AX 255 23,291.96 CZK 131 11,957.37 CZK 280 25,575.48 CZK 40 3,653.64 CZK 

96.00973 91.34 175 296 AX 181 16,532.72 CZK 146 13,344.09 CZK 300 27,402.30 CZK 40 3,653.64 CZK 

96.11225 84.24 184 351 AX 218 18,363.60 CZK 91 7,627.25 CZK 200 16,847.34 CZK 100 8,423.67 CZK 

96.01637 76.12 154 315 AX 249 18,953.26 CZK 124 9,410.89 CZK 400 30,447.00 CZK 40 3,044.70 CZK 

5183-9912K 7.05 1,183 1,861 AX 1,148 8,097.53 CZK 987 6,959.66 CZK 2,000 14,107.20 CZK 200 1,410.72 CZK 

96.005566P 33.49 194 290 BX 93 3,114.73 CZK 165 5,509.38 CZK 500 16,745.85 CZK 40 1,339.67 CZK 

033370563S 65.80 91 153 BX 273 17,964.11 CZK 202 13,274.18 CZK 500 32,901.30 CZK 40 2,632.10 CZK 

96.012213 31.46 95 159 BX 76 2,391.10 CZK 124 3,885.54 CZK 200 6,292.38 CZK 40 1,258.48 CZK 

Total   417,232.30 CZK   284,876.65 CZK   509,834.81 CZK   91,709.92 CZK 

Saving   -224,958.16 CZK 193,166.73 CZK 

Table 2 shows an average and maximum consumption of the inventory stocks, a resulting matrix of the 

ABC/XYZ analyses and a state of actual and average inventory stocks. The current situation of the warehouse 

stocks was determined by researching, which was - after rounding - multiple by the unit price, and its financial 

value was, thus, determined. The same procedure was carried out within the proposal for the improvement.  

As a result of proposition of more effective storing metallurgical material items and mainly of the implementation 

of a supplier for the consignment, a significant economy of financial resources was achieved. Concretely, if 

was from a total amount of the average inventory stock 284,876.65 CZK deducted actual stored inventory 

stocks of 509,834.81 CZK. As is clear from Table 2, that in case of the actual state of inventory stocks, a loss 

will occur, concretely in the amount of 224,957.16 CZK, and it is caused that the company has stocked too 

many material items, which it does not need immediately at this moment and uselessly drown its financial 

resources in it, which could invest elsewhere. The proposed proposal for implementing a supplier into the 

consignment, in the case of correct proposition of inventory stocks, would save money. 
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3.2. OPTIMAL ORDERED QUANTITY OF INVENTORY STOCKS 

Table 3 describes a actual state in the sphere of packing quantity. The states of numbers of pieces in one 
package (pallet) compared with their average consumption were recalculated within optimizing the process of 
supplying and storing and was determined minimum quantity in stock. By multiplying by coefficient 3, the 
maximal amount was reached in the warehouses, depending on the maximum storage capacity. The maximum 
quantity of the number of packages to be ordered was determined with help of the proportion of the maximum 
necessary quantity of the material items with the number of pieces in the package. For the proposed maximum 
level of number of packages were most of the quantities recalculated so, that the maximum amount was divided 
by the set coefficient of 150. And whereas the specific contractual conditions between suppliers occurred; and 
the result is a high economy of the storage premises. With regards to the fact that the supplier is implemented 
into the consignment with so many products, a big benefit is that the maximum ordered quantity of the inventory 
stocks can be decreased, because more frequent supplying from the part of the supplier will occur in order to 
prevent from storing inventory stocks in storehouse. 

Table 3 Minimal and maximal ordered quantity of inventory stocks [own study] 

  Actual state 

  

Proposal 

Inventory stock 
Pieces per 
package 

Min. Max. 
Max. level of the 

number of 
packages 

Pieces per 
pacpage 

Min. Max. 
Max.level of 

the number of 
packages 

87.90357L 60 1,620 4,860 81 60 1,620 4,860 81 

96.02285M 150 1,050 3,150 21 50 950 2,850 19 

96.00137-1 150 1,200 3,600 24 50 1,200 3,600 24 

01154570P 4,000 4,000 12,000 3 150 2,550 7,650 51 

96.02194M 100 400 1,200 12 15 315 945 6.3 

96.11862-6 150 450 1,350 9 30 330 990 6.6 

96.02074 500 500 1,500 3 50 450 1,350 9 

96.007204 140 280 840 6 20 200 600 4 

96.00973 150 300 900 6 20 180 540 3.6 

96.11225 100 200 600 6 50 200 600 4 

96.01637 200 200 600 3 20 160 480 3.2 

5183-9912K 1,000 2,000 6,000 6 100 1,200 3,600 24 

96.005566P 250 250 750 3 20 200 600 4 

033370563S 250 250 750 3 20 100 300 2 

96.012213 100 100 300 3 20 100 300 2 

Seeing that the company permanently pushes on decreasing the costs bounded in inventory stocks, the 
situation must be resolved. A possibility of the creation of consignment storehouses appears to be a suitable 
solution. Inventory stocks are implemented into consignment storehouses for the purpose of more frequent 
withdrawal of materials in smaller quantity. This action prevents indiscipline of suppliers in a form of incorrect 
quantity in package, errancy in the calculations of material consumption per one product, errors of human 
factor, etc. 

4. CONCLUSION 

Not only metallurgical companies would like to keep as few as possible of inventory stocks to prevent from 

risks resulting from big keeping the inventory stocks. Concretely, they are afraid of high fixture of the capital 
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which can be better invested, for example, in technological development. With regards to the high 

competitiveness, the company appreciates each customer and doesn't want to face up to risks related to a 

possibility that the customer can come over to a competing company, that's why it wants to maximally satisfy 

its needs.  

The optimization of the supplying process has to start just from its beginning which is acquisition of input 

materials. The aim of each enterprising is minimization of the costs to reach maximum profits.  

To reach a more effective system of inventory management, it is also recommended implementation of 

consignment warehouses, and that is by reason of more frequent withdrawal of material and decreasing the 

minimum ordering batches.  

By comparison of the current state with the state which would follow in the case of implementation of a supplier 

into the consignment, we found out that significant economies would occur, concretely in an amount of 193,167 

CZK. Incorrectly set maximum levels of the inventory stocks caused that uselessly big amount of the financial 

resources is bound in the inventory stocks. Besides of that, storage premises were overwhelmed by inventory 

stocks and, thus, a lack of the storage premises was originated. By implementing the configuration, this 

capacity limitation could be avoided, mainly thanks to the fact that the supplier would govern the supplier by 

itself, would have a clearly given maximum quantity of the packaging level, which it could supply. Also, correct 

setting of the number of pieces per one package would be reached, which would be simpler for a supplier, 

mainly by reason of more frequent supplying. To avoid blocking of financial resources in the inventory stocks, 

this type of actions is desirable for the company. A very big advantage is that a supplier stocks the company 

by several types of material, which is beneficial for it because it is possible to plan more frequent supplying 

with regards to the setting of lower ordering inventory stocks. 

Another recommendation for the company could be a construction of new storage premises focusing only on 

the consignment. At present, they are ranked to a collective storehouse, however by a construction of a special 

storehouse, dependent on continuous expansion of the consignment, this action appears as desirable. It 

would, thus, cause more transparent management and inventory storage. 
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Abstract 

At present, the Tetra Pak waste cartons are brought to be disposed of in well technologically equipped paper 

mills, where they are pulverized. The fibre is then used in the production of recycled paper and the sandwich 

press of polyethylene and aluminium foil is then transported to a landfill or to an incinerator. As a progressive 

technology for reusing the aluminium foil as well as the energy use of polyethylene seems to be the pyrolysis. 

The process itself and the subsequent handling of its products require advanced risk management, both 

technological and economic. The article deals with the pyrolysis treatment of Tetra Pak, the properties of 

pyrolysis products and the possibilities of separation, which would lead to metallurgical aluminium production. 

The aim of the article is to draw attention to the economic potential of today's totally insignificant waste that is 

costly to store or burn. The reuse of material and metallurgical processing in the Czech Republic could cover 

1,500-2,100 tonnes of aluminium, which represents a financial volume of at least CZK 25-30 million. The goal 

of the author’s team is to prove the economic potential hidden in waste beverage carton and its comparison 

with market value. It also aims to identify the risks and propose their management. In order to prepare the 

project implementation, it is necessary to compile a model including the identification of risks and the way to 

eliminate them. 

Keywords: Risk management, economic benefits, Tetra Pak, pyrolysis, metallurgy 

1. INTRODUCTION  

The aluminium price peaked in 2018 at its highest value since 2012. This is due to new US sanctions against 

Russia affecting the Rusal aluminium company, which is the leading producer of this metal. As the primary 

aluminium sources in the world are gradually disappearing, it is necessary, like with other raw materials, to 

look for recycling options. Therefore, the aim of this article is to draw attention to the economic potential of 

today's absolutely insignificant waste that is costly to store or burn. The target of the author’s team is to prove 

the economic potential hidden in waste beverage carton and compare it to its market value. 

At present, there are two global issues regarding the matter: first is the limited amount of scrap metal and 

second the limited quality of the recycled material that is, among other things, dependent on existing recycling 

technologies [1]. Aluminium recycling is an important area of research, primarily due to the enormous energy 

savings achieved through the production of aluminium products from secondary resources [2]. There are 

articles that deal with the creation of a model for the evaluation of basic raw materials [3]. To use such models 

in practice, companies need systematic support [4]. 

Aluminium can be obtained in different ways. Life cycle assessment methodology (LCA) clearly shows that 

secondary aluminium, i.e. recycled aluminium, is far more beneficial than the primary one, more 

environmentally friendly and economically less demanding [5]. One option is to recycle PC assemblies, where 

most aluminium is in power supplies, IDE cables, hard drives, floppy disks, and motherboards [6]. Another 

possibility of recycling aluminium is to recycle aluminium cans from beverages, which can be reused for their 

repeated production after their recycling [7]. 
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2. TETRA PAK WASTE CARTONS  

Tetra Pak cartons are one of the most common food package, especially for milk, dairy products and other 

non-preserved drinks. To prevent degradation of the protected content due to UV radiation, aluminium foil is 

also applied to the multi-layer structure. Among the layers are also paperboard and polymers.  

Tatra Pak cartons, which are recycled within the „yellow containers”, are consequently part of the EKO-KOM 

recycling system. Currently, this type of waste is supplied to technologically equipped paper mills, where it 

gets pulped. Within the Czech Republic, the only place that is able to use waste carton packaging is JIP Větřní 

Paper Mill, a.s. The fibre is used in production of recycled paper and the residues of polyethylene and 

aluminium layers are weighed into an in-house dump. 

Technological problems with material re-use of cardboard included in Tetra Pak packages are balanced out 

by its high quality. The obtained fibre comes primarily from Nordic trees, which have a shorter growing season 

and thus grow more slowly. This positively influences the fibre, which then has a longer length and therefore 

can be recycled multiple times.  

3. ENERGY UTILIZATION OF THE BY-PRODUCTS 

The biggest problem of the JIP Větřní, Paper Mill a.s. concerns app. 30,000 tonnes of the by-product - the 

residues of the layers after pulping that have been piling up on the in-house dump since 2009. Due to the high 

proportion of polyethylene, the by-products have a significant caloric value that fluctuates around 25 MJ/kg. 

Therefore, they can be used in the form of a solid alternative fuel for heating plants and power plants. On the 

basis of the analysis it was found that the by-products contain residue paper material (cardboard), which is the 

result of imperfect pulping. After burning a sample the ash was subjected to an XRF analysis that determined 

a high proportion of calcium (Ca). That is cause by the limestone, contained in the carton. Due to the high 

combustion temperature (850 °C), a chemical reaction known as "lime burning" occurs   

CaCO) + heat � CaO + CO&             (1) 

The nature of the ash generated by burning PolyAl can be visually described as consisting of a “white” powder 

and a “grey” aluminium material. The white part of the ash has a clear basic character. If, for example, 0.5 g 

of this ash is poured into 5 ml of water, the pH of the solution is 9-10. This reaction can be described as "lime 

slaking" where 

CaO + H&O � Ca�OH�&             (2) 

The reaction occurs when the ash from the boiler of the heating plant is cooled in a water bath or when it is 

deposited on the dump where it absorbs the atmospheric humidity. There is another fact pointing at the 

disadvantages of using the combustion method. Calcium hydroxide (slaked lime) will have a strong reaction 

with the aluminium, that will not oxidize when burned where 

3Ca�OH�& + 2Al � 6H& + Ca)Al&O�            (3) 

The result of the reaction is hydrogen (H2) and calcium aluminate (Ca3Al2O6). Due to the reaction in a humid 

environment, the hydrogen concentration can rise uncontrollably to an explosion endangering the heating 

plant's technological equipment and the lives of people. As a consequence of the above, the energy utilization 

of the by-products from pulping of the Tetra Pak waste cartons in a form of a solid alternative fuel and its co-

incineration with the primary fuel of the heat plant seems to be extremely unrealistic. 
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4. THERMAL SEPARATION 

Unlike simple combustion, pyrolysis or thermal separation appears as a progressive technology for the material 

reuse of the aluminium foil and the energy utilization of polyethylene. It is a thermochemical process that takes 

place in a reducing environment without oxidation [8]. The process temperature ranges from 450 °C to 550 °C 

[9]. At this temperature, therefore, the reaction (1) does not occur and the substances contained in the solid 

residue of the pyrolysis will not pose a risk in the humid environment. See reactions (3). 

During the pyrolysis process, so-called dry distillation occurs when the hydrocarbon gases, which are the 

product of thermal degradation of polyethylene, are released from the by-products. After cooling in the 

condenser cooler, some of the gases condense in the form of so-called liquid hydrocarbons. The non-

condensed residue is made up of pyrolysis gas with a calorific value of between 36 and 40 MJ/m3. 

The main components of the pyrolysis gas are methane (CH4), carbon monoxide (CO), hydrogen (H2), carbon 

dioxide (CO2) and hydrocarbon gases (C1 to C5). Pyrolysis gas is an ideal fuel for natural gas mixing and 

combustion in gaseous fuel burners [10]. The optimal application of the gaseous mixture seems to be using it 

in the K3 boiler at JIP Větřní, a.s. This boiler produces steam technology for the needs of paper machines. 

Liquid hydrocarbons represent a significant energy potential for use in boilers with liquid fuel burners. Yield of 

liquid hydrocarbons from Tetra Pak dispensers is dependent on the choice of process parameters of pyrolysis. 

The following table shows the test results of 12 November 2014 carried out by the ENET Center on 

PYROMATIC 250 located in the premises of TCO Vitkovice [11]. 

Table 1 Weight of individual fractions [11] 

Weight of the Weight of the Weight of the Weight of the Process 

dosed material gaseous phase liquid phase solid residue temperature 

[kg] [kg] [kg] [kg] [°C] 

445 132 209.3 102.8 550-600 

The solid residue contains 47 % of carbon and 53 % of aluminium and forms the so-called carbon-aluminium 
mixture for separation. Table 1 shows that the proportion of aluminium foil in the raw by-products is about  

10 %. This figure, however, is not constant for the entire stockpile of the by-products. The solar radiation to 

which are the upper layers of the dump in JIP Větřní Paper Mill a.s. exposed has already degraded part of the 

polyethylene foils. In addition, an unknown quantity of very similar waste beverage cartons, which do not 

contain the aluminium foil, has been brought to the process from the consignments from Germany. Estimation 

of the employees of the JIP Větřní Paper Mill, a.s. regarding the content of the aluminium foil on the dump 

ranges from 7 % to 8 % by weight. 

5. ECONOMIC BENEFITS 

In view of the above, it can be assumed that at present the JIP Větřní Paper Mill, a.s. has approximately 2,100-

2,400 tonnes of aluminium foil on its in-house dump. At a price of about CZK 10/kg, it represents the amount 

of 21 to 24 million CZK. The prices quoted are indicative. There are many factors that affect the resulting price, 

such as e-auctions [12]. Since the mill produces an additional 5 to 7 thousand tonnes of the by-product from 

pulping the estimated amount above is not final. The production of Tetra Pak beverage carton shows a growing 

trend and new organizational measures are put in place by waste companies for better recycling of this raw 

material from municipal waste.  

However, the process of separating the carbon-aluminium mixture precedes the aluminium metallurgical 
process of the aluminium foil after the pyrolysis process, see Figure 1. The problem to be solved does not fall 

into metallurgy but in the treatment of mineral and secondary raw materials. Using the different physical 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

2090 

properties of both elements might solve the problem. Within the Faculty of Mining and Geology of the Báňská 

University - Technical University of Ostrava, experiments were carried out with flotation methods and 

separation of the mixture in heavy suspensions, which demonstrated the potential of the chosen methods and 

at the same time showed the problems that the future investor will have to deal with. 

 

Figure 1 Block diagram of the complex processing of Tetra Pak waste cartons  

[own study] 

Exploiting the energy potential of the polyethylene film can effectively eliminate the cost-effectiveness of the 
carbon-aluminium separating technology line. Referring to Table 1 it can be calculated that of the dumped 

quantity of 30,000 tonnes it is possible to efficiently obtain about 47 % of weight volume in the form of liquid 

hydrocarbons when applying the pyrolysis process, which is about 14,100 tonnes. 

If we assume that pyrolysis gas, which represents 30 % by volume of charge, will be used for the actual heating 

of the whole process and cogeneration of heat and electricity to cover its own consumption, in addition to the 

carbon-aluminium mixture, the liquid hydrocarbons are another product of the pyrolysis process. 

These are comparable to Liquid Fuel Oil, hereinafter referred to as LTO [13,14], but with reduced calorific 
value, which is according to 32.65 MJ/kg. The LTO has a calorific value of 42.30 MJ/kg. At the present price 

of CZK 10,500/tonne of LTO, the price of alternative fuel corresponds to its calorific value of approximately 

CZK 8,000/tonne. The economic potential of the dump in terms of liquid fuel production can thus be quantified 

at approximately CZK 112,800,000. 

6. RISK MANAGEMENT 

The actual process and further handling of the products requires advanced risk management both 

technological and economical. Technological risks may be identified in pyrolysis (thermal separation), steam 

generating boilers, carbon-aluminium mixture separation and metallurgical processing of aluminium granules. 
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The economic risks can be identified at the input of waste beverage cartons into the pulping process, at the 

steam price for the paper machine, at the electricity price for the aluminium granulator-melting furnace, and in 

the development of the aluminium price on the global market. EU support can play an important role here [15]. 

Their management is based on previously developed models and continuous monitoring of market prices. 

Hardly foreseeable risks include 'political decisions'. In these cases, the market segment does not have to 

behave according to economic rules but may show turbulence. 

Technological risk management can be reliably secured by using a process measurement and control set with 

an appropriate architecture that needs to be equipped with a redundant processor. If the local control fails, its 

superior system takes over. The control system monitors the process variables and issues commands to 

change them. In order to ensure the transport of the carbon-aluminium mixture, it is necessary to take 

increased safety risks due to the potential explosion of fine carbon dust. 

7. CONCLUSION 

The article deals with the possibilities of obtaining aluminium in ways other than its regular production. 

Suggestions for possible new innovative ways are considered not only from the economic aspect but also from 

the point of view of risk management of this process. It is clear from the text that the recycling of aluminium is 

the way to economical and environmental savings. 

Life cycle assessment methodology (LCA) clearly shows that secondary aluminium, i.e. recycled aluminium, 

is far more beneficial than the primary one, more environmentally friendly and economically less demanding. 

An important part of this process is the management of the involved risks, in our particular case it is an 

advanced process of economic, technological, security and, last but not least, political risk management, based 

on not always stable political system in the country. 
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Abstract 

Possibilities of the use of alternative drives from the point of view of operation of an industrial enterprise are at 

present almost unlimited, and it will always depend on concrete conditions of the company to which measure 

the company will decide to use alternative fuels in its fleet. One of the main arguments for using of alternative 

motor fuels are ecological reasons. The aim of the paper was to perform environmental and economic analyses 

of possibilities of the use of alternative drives in the logistics of metallurgical enterprises, to evaluate the most 

beneficial fuel from this point of view, and to perform an analysis of obstacles of the following development of 

the alternative fuel, including proposal for their removal. The method of investigation was, first of all, analysis, 

synthesis and statistical evaluation of information which was obtained by studying of scientific papers, literature 

and legal documents at different levels of the state, EU and worldwide institutions. To find a reply to the 

question related to the impact of the fuels to the living environment, the Life Cycle Assessment analysis was 

used. According to the economic and ecological analysis, the paper evaluated CNG as one of the most 

beneficial alternative fuels; and the conclusion of the paper includes evaluation of obstacles of the following 

development of the CNG and a proposal of possibility of their removal. Besides of that, possibilities of 

expansion of the manufacturing enterprise's production schedule while using the expansion of CNG in the 

market as suitable fuel were specified in the conclusion. A solution of this theme fits into the conception of the 

circular economy, which is a conception which is an integral part of the sustainable development and dealing 

with the methods how to increase the quality of living environment and human life through increasing the 

production effectiveness.  

Keywords: Alternative fuels, logistics of a metallurgical enterprise, Life Cycle Assessment, CNG, economic  

        analysis, metallurgical enterprise’s production schedule 

1. INTRODUCTION 

The paper proposes to perform environmental and economic analyses of possibilities of the use of alternative 

drives in the logistics of metallurgical and other industrial enterprises in after years, and also to perform an 

analysis of obstacles of the following development of the alternative fuel market in the Czech Republic and to 

propose possibilities of their removal. Another aim of the paper is also to propose possibilities of expansion of 
the metallurgical enterprise’s production schedule in conditions of the growing use of alternative fuels in 

industrial enterprises in the Czech Republic. 

The method of investigation used in the presented paper was a study of scientific papers, literature and legal 

documents at different levels of the state, EU and worldwide institutions as well as their analysis and synthesis 

of information. The question of alternative fuels has been very often solving at the present time from different 

points of view. The summary results of comparison of all types of the drives, however, are presented more 

likely peripherally and casually. That's why collection of sufficient quantity of relevant information for the 

resolved questions and their statistical evaluation with using of methods such as analysis, synthesis, induction 

and deduction will be especially used for the conclusions in the paper from the point of view of scientific 
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methods of investigation. To find a reply to the question related to the impact of the fuels to the living 

environment, we selected a simplified form of "well-to-wheels" type analyzing as the most suitable tool. It is a 

specific type of the LCA (Life Cycle Assessment) analysis, which is frequently used in relation to the evaluation 

of the impact of the fuels in the transport industry and different types of transportation or types of vehicles and 

their drives. 

The use of alternative drives is more and more supported by governmental authorities as well as the European 

Union, which performs fundamental steps for the following development of alternative fuels in the European 

Union. With regards to giving-out of crude oil and enormous problems with the pollution of the living 

environment, the use of alternative drives is the only possible variant of the continuous development not only 

of road transportation. Considering a low price of alternative fuels, it is also a possibility how to reduce costs 

for the enterprise logistics, which create a big part of the overall operational costs. Fundamental issues, which 

are connected with the questions of alternative drives in the logistics of a metallurgical enterprise, are solving 

of problems of performance, durability, traffic distance and costs. 

The storage of alternative fuels and their putting into vehicles, which must meet high safety-related 

requirements, plays an important role in the whole process of the user of alternative fuels. This is a task for 

metallurgical enterprises for which it can be a possibility of the next expansion of their production schedule [1]. 

2. THE USE OF ALTERNATIVE DRIVES IN A METALLURGICAL ENTERPRISE  

Possibilities of the use of alternative drives from the point of view of the logistics of an industrial enterprise are 

at present almost unlimited, and it will always depend on concrete conditions of the company to which measure 

the company will decide to use alternative fuels in its fleet. While implementing, it is always necessary to go 

from whether it is external or internal transport (conveyance), road or railway transport or by means of other 

manipulation equipment.   

While making a decision on the use of alternative drives in conditions of a company, it is necessary to consider 

these main factors: 

• company’s professional focus, 

• company’s area dimensions and a measure of manipulation with material or products inside the area, 

• a necessity of transportation out of the company’s area, a volume of conveyance and an average daily 

operational radius of the vehicles, 

• composition and number of vehicles, their age and planned investments in acquisition of new vehicles, 

• accessibility of alternative fuels, respectively of necessary energy sources and so on. 

Separate technical and structural solutions of the vehicles with alternative drives and specifics of presently-

used alternative fuels, respectively types of energies, are so different that it is very difficult to perform their 

general comparison and to say which from the alternative drives is the most beneficial. That's why it can be 

assumed that it will be more suitable to perform separate comparison from the point of view of two main 

reasons leading to the introduction of these new drives into the practice [2]: 

1) The first one is endeavor to reduce or even absolutely eliminate impacts of the operation of the vehicles 

driving by classical fuels to the living environment, i.e. the ecological comparison, 

2) and economic comparison on the other hand, which expresses an amount of costs for the travel of the 

selected distance unit or the entire costs of the vehicle operation.  

Having evaluated these two aspects for the concrete conditions of an industrial company, the company then 

has to fit the creation of a particular model to the optimal select of the use of alternative fuels in conditions of 

the selected enterprise with respect to accessibility of the fuels and the price forecast with help of multicriteria 

methods depending on its concrete economical and technical criteria. 
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2.1. Ecological comparison  

One of the main arguments for using of alternative motor fuels are ecological reasons. The impacts of the 

operation of the classical conceptions of vehicles to the atmosphere are at the present relatively well-known, 

including by their consequences to the human health and to ecosystems. As for alternative transport 

conceptions, their impacts within operation will be unequivocally lower, and in case of electromotors and fuel-

elements are de-facto without emissions. A problem can be caused, however, by increasing of emissions while 

manufacturing separate conceptions or used-by-them fuels, and that is mainly with regards to the increase of 

technical demandingness of the production [3]. 

As for electric cars from the point of view of ecology, they produce no exhalations during their operation, that's 

why they do not burden the living environment in this life cycle. It is, however, necessary to consider methods 

of production of electric energy itself, methods of its behavior in automobiles in a form of big and heavy driving 

batteries; their manufacture means again a significant consumption of energies and mineral resources, their 

mining and processing with many risks and impacts to the living environment, and last but not least also, for 

example, methods of ecological liquidation of these batteries [4]. 

While using alternative fuels in the industrial transport depending on a chosen drive, zero emissions of harmful 

substances and other ecological impacts, it is necessary to proceed according to the valid methodology of 

LCA (Life-Cycle Assessment), then a method of evaluation of the life cycle, i.e. production of sources, 

manufacture of fuel, its distribution to consumers up to the phase of its consumption in a vehicle [5]. 

For searching replies to the questions of fuels and biofuels impact to the living environment, a simplified form 

of LCA called the “well-to-wheels” analysis is used as the most beneficial tool. It is a specific type of the LCA 

analysis, which is being frequently used in relation with the evaluation of the impacts of fuels in the transport 

industry and in different transport modes, eventually of types of vehicles and their drives. The analysis is 

divided into two basic parts. The first is WTT (Well to Tank), and the second is TTW (Tank to Wheels). The 

both parts include the whole life cycle, so called WTW (Well to Wheels). The first of them evaluates fuel from 

the mining of basic raw materials, through the whole processing chain, up to its delivery to a vehicle, 

respectively to transportation means. The second part evaluates the proper use of fuel. Impacts can be 

expressed in the relation to category of the impact of the global warming as equivalents of CO2 [4]. 

Based on the analyses, it can be generally stated that the phase antecedent to the final consumption is very 

energy-demanding practically for all alternative motor fuels with the exception of CNG and LPG. The 

consumption of energy in the WTT phase in a better case corresponds to the own usable energy content of 

the alternative fuel (DME, synthetic liquid fuels, hydrogen produced from NG or biomass), in majority of the 

above-mentioned variants, however, energy content of fuel exceeds by 1.5-5-fold the consumed energy in the 

WTT phase (electrolytic hydrogen, bio-ethanol, bio-petroleum). As was proved, energy contained in biomass 

or natural resources is very low concentrated, and bigger part of the usable energy potential of the renewable 

resources has to be reserved for the production of alternative fuels, and it will not be possible to use in the 

phase of final consumption. In practice, energy from non-renewable resources is more or less consumed for 

the production of any type of alternative fuel. It is mostly electric energy and motor fuels in the agriculture and 

transportation [6]. Energy from non-renewable resources is more or less consumed in production of almost 

each type of alternative fuel. Predominantly it is electric energy, and motor fuels is used in the agriculture and 

transportation. That's why there is objective only a complex analysis, which enables consideration of the fact 

that the production phase in some cases can so ecologically and energetically demanding that the positive 

effect in the general balance of the final consumption of fuel in vehicle (for example, hydrogen) is absolutely 

negated. The complex evaluation of the influence of fuel to the living environment (LCA) at the present is 

globally a subject of activity of a series of research workplaces. It is the questions significantly complicated, 

requiring analysis of a big amount of very different input data from among the branches of the national economy 

(agriculture, raw materials mining, energetics, chemical industry, automotive industry, economics) [5]. 
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The total WTW emissions of greenhouse gases while using CNG as motor fuel relative to the usable energy 

content are lower than the corresponding emissions of automobile gasoline and diesel oil.  In case of inclusion 

of the total balance of energy and GHG emissions of natural gas, the riskiest factor is the distance between 

the localities. At present, the average conveyance of a gas main in EU fluctuates about 4,000 km from the 

Near East and it is expected its extension up to 7,000 km from Siberia in the future. 

In case of LPG, the decrease of GHG emissions is minimal compared with gasoline and diesel oil, it however 

more significantly contributes to the decrease of hazard pollutants; all the more difference is in older fleets. 

The LPG sources are bound with the crude oil resources, that's why it is middle-term horizon fuel. Its 

accessibility in the market, however, is problem-free [7]. 

It can be stated that emissions of the basic harmful substances in case of the combustion of alternative fuels 

are generally significantly more favorable than emissions originating during combustion of conventional 

automobile gasolines and diesel oil. The automotive industry had to react to gradual strengthening of the 

emission limits, and that is by developing and modification of the structure of the driving units and systems for 

consequential modification of the composition of exhaust fumes. It after all manifested itself positively also by 

decreasing emissions of some, earlier problematic, pollutants in exhausted fumes while using alternative fuels, 

for example, total hydrocarbons in case of the CNG gas motors or NOx emissions in case of combustion of 

mixed diesel oil or biodiesel. Based on the comparison of the emission factors typical for liquid (bioethanol, 

biodiesel) and gaseous (CNG, LPG) alternative motor fuels, gaseous fuels are clearly more beneficial. While 

using vehicles of higher emission categories, i.e. at least of EURO 4, equipped with modern effective systems 

for the check and control of the combustion process and modification of the exhaust fume quality, differences 

between separate types of the fuels are partially eliminated [5]. 

Relatively higher emissions of hydrocarbons in the case of vehicles with a CNG drive mainly consist of residual 

non-combusted methane provided only non-methane emissions of hydrocarbons (NMHC) are evaluated, i.e. 

emissions of higher and riskier for the health hydrocarbons, then the operation of CNG vehicles in this 

comparison appears as even more ecologically beneficial [8]. The only problematic harmful substance can be 

volatile aldehydes, their degradation on effective catalytical convertors of exhaust fumes, however, is in 

general simpler than of hydrocarbons themselves, by which partial oxidation within the combustion process 

they originate. The use of alternative gaseous fuels is also significant from the point of view of the indispensable 

decrease of health riskiness of emissions produced by the fleet of older date of production, often without 

presence of catalysts of exhaust fumes. The reparation of conventional motor fuels by alternative driving 

substances also means a big contribution from the point of view of the decrease of the potential creation of 

photo-oxidative smog and low-level ozone, which is beneficial especially in municipal agglomerations strongly 

loaded by transport [5]. 

Alternative gaseous and liquid fuels in consumption with classical driving substances based on oil - automobile 

gasoline and diesel oil in general in the final phase of their consumption in vehicle (TTW) represent a lower 

load for the atmosphere both from the point of view of greenhouse gases (GHG) emissions and other inorganic 

and organic harmful substances contained in exhaust fumes of combustion engines - carbon monoxide (CO), 

nitrogen oxides (NOx), total hydrocarbons (HC), particles (PM) and minority organic compounds with a high 

risk potential (polyaromatic hydrocarbons, aldehydes, alkenes). The benefit of alternative gaseous fuels is the 

fact that they form no load for water resources and soil [5]. Based on the above-mentioned evaluations, it can 

be stated that CNG is a very suitable alternative for the use as driving fuel.   

2.2. Economic comparison 

The general economy has a decisive role in the development of the use of alternative fuels in the transport; it 

means both the return rate of investment and operational demandingness of vehicles as well as the economics 

of fuel stations.  
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The crude oil price as a strategic ram material is the decisive factor also for the prices of other fuels and 

energies. A similar price development of these commodities is a result of the historical linkage of alternative 

fuels to the prices of oil products. This linkage was, of cause, additionally formed by basic economic 

relationships such as mutual competitiveness or the supply-and-demand law. The prices of motor fuels result 

from the price of crude oil, development of the CZK/€/USD currency exchange, as well as season influences 

can be registered (summer touristic season). The crude oil price can be predicted very generally with regards 

to the decreasing oil reserves and partially with regards to the growing demand of the fast-developing 

economies of Chine and India. The fundamental influence to the crude oil price can have worldwide political 

crises and war conflicts; these situations, however, cannot be predicted at all. On the basis of the analysis of 

data of the long-term development of the crude oil prices, motor fuel prices and the USD rate, a dependence 

with average and relatively high correlation coefficient can be created. Better results can be achieved by 

correlation of prices of the crude oil prices with a month delay towards the price of motor fuels. Considering 

the price of fuels, it is necessary to take into consideration a margin of fuel stations which fluctuates at present 
in an interval of 1.5 - 2.0 CZK/l [3]. Table 1 specifies average annual prices of gasoline, diesel oil and CNG, 

which from the point of view appear as very suitable alternative fuel. Also, from the point of view of the price, 

where 1 liter of gasoline or diesel oil corresponds to 1 m3 of the consumption of CNG, the prices of natural gas 

are lower by half.  

Table 1 Annual average prices: CNG - gasoline - diesel oil in Czech Republic [9] 

 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

CNG  
(CZK/m³) 15.9 15.75 16.46 16.7 16.95 17.19 18.1 18.39 17.69 17.25 

Gasoline  
(CZK/l) 28.27 31.53 31.74 31.57 33.65 36.21 36.5 31.42 28.75 30.39 

Diesel oil  
(CZK/l) 24.72 26.67 30.57 34.25 36.53 35.91 36.15 30.75 27.08 29.57 

One more fact which will significantly influence the return rate of the future investment is the purchasing price 

of the vehicle or a difference between the vehicle with a classic drive and the vehicle with an alternative drive. 

A reconstruction of the vehicle from so called classical fuels to CNG costs in average of 60,000 CZK. A more 

beneficial solution can be purchasing of a new vehicle with CNG technology. 

Prices of service works also directly are related to the used technology of the drive, where we can presume 

different price per norm-hour of work according to demandingness of the performed works and also, for 

example, according to the requirements for professionalism of a service engineer in accordance with 

regulations of the producer or valid standards and laws. 

Together with the fuel price, respectively energy necessary for the vehicle operation depending on the selected 

driving unit, the purchasing price of the vehicle and costs for service and spare parts, a series of other factors 

can also interfere to the resulting costs. Probability the most important factor is willingness and possibilities of 

the state to participate in using of alternative fuels in the operation of motor cars, and, of cause, an amount of 

such a support.  

The most favorable alternative drive in the Czech Republic is LPG. A benefit of CNG compared with LPG is a 

non-decreasing motor power, higher safety, minimum pollution rate of the atmosphere, low service costs and 

better compatibility with modern forced induction engines. In case of CNG vehicles, which sells directly 

automobile manufacturer, a baggage space is not reduced since the tank is placed directly under the floor of 

the trunk. The biggest problem of CNG is a sporadic network of fuel stations. This network, however, is 

gradually expanded.  



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

2098 

In case of big companies, among which the metallurgical enterprise can be sure ranked, the costs of 

purchasing of transportation means or their leasing, as well as consequential purchase of energies necessary 

for their operation, are a significant part of the cost side of the budget. Although now it is very difficult or even 

impossible to predict the development of the classic fossil fuels prices (automobile gasoline and diesel oil) in 

the worldwide markets, it is relatively clear that at the actual prices of natural gas, which are long-term relatively 

invariable, the use of CNG or LNG as a fuel of the transportation means is suitable both from the point of view 

of ecology and also economy. 

In case of a metallurgical enterprise, possibilities of the use of natural gas in the transportation according to 

the used transportation means are very wide. CNG or LNG is used in the operation of passenger cars and light 

utility vehicles, trucks and also vehicles for internal transport, especially fork-lift carriages and manipulation 

carriages as well as other special transportation means. An interesting possibility of CNG usage, which is not 

said a lot about, is the operation of locomotives [10]. 

2.3. Potential for the production schedule in metallurgy and machine engineering 

The development of the use of alternative fuels in the transport can bring significant changes in a metallurgical 

enterprise both in the development of the production schedule and in applications of new technologies within 

the operation of the enterprise, in the given case in the transport system, which can also have a significant 

influence on the ecology. 

Pressure vessels, which must meet high safety standards, are used in the entire process of the use of natural 

gas in the transport, i.e. from storage and transportation up to putting into transportation means. In the case 

of a metallurgical enterprise, it can be just production of pressure vessels and pipes with a possibility of further 

expansion of the production schedule. It is unequivocally given by that the production of the pressure vessels 

is, thus, the first and basic possibility leading to the next growth of the metallurgical enterprise in relation with 

the use of CNG in the transport. Pressure vessels can be divided at least into three groups depending on the 

structure, operational pressure, outside diameter, length and capacity (so called the water volume): 

1) for the integration into passenger cars delivered directly to the automotive factories or for individual 

reconstructions, 

2) for the integration into trucks, buses and other big transportation means (for example, locomotives), 

3) for transport and storage of CNG (LNG). 

The second significant sphere of other possible growing of the metallurgical enterprise or the expansion of its 

production schedule is integrally connected with the proper operation of vehicles equipped with a CNG drive. 

It is, thus, part of distribution, storing and filling of pressure vessels of the transportation means with natural 

gases. Practically it means as follows: 

• production of stationary or mobile gaseous reservoirs and containers,  

• production of trailer-type gaseous reservoirs,  

• building of filling stations. 

A suitable additional production schedule of the enterprise can also be a reconstruction of vehicles to the CNG 

drive, production of kits for the reconstruction to CNG and provision of service related to it, including carrying-

out of revisions of the pressure vessels, or building and also running of public CNG filling stations. 

3. CONCLUSION - CNG AS THE BEST FUEL 

With regards to the stable price of gas and its expected surplus (USA newly in the position of a gas exporter), 

CNG is the only possible alternative how quickly and cheaply reduce costs for fuels, and at the same time to 

meet requirements of the EU for the reduction of emission of CO2 and other polluting substances. CNG, thus, 

offers at the present time a unique possibility how to enforce the competitiveness of the enterprise. 
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CNG (abbreviation for Compressed Natural Gas) (chem. composition - 98 % of methane) appeared as the 

most suitable fuel, because: 

• From the ecological point of view - CNG vehicles don't produce dust particles (PM10), there are 

significantly lower emissions of nitrogen oxide, sulphur oxide and especially carbon dioxide (CO2 by 

25 % to 35 %), there is no threat of soil contamination, roads and garages, and besides of that a 

significant limitation of produced of waste products contributes to the protection of the atmosphere. 

• From the economic point of view - vehicles with NG drives cause substantial savings per 1 km (up to 30 

- 50 %) and, in addition, natural gas as fuel is practically impossible to steal (prevention from leakage 

from the system). There is a sufficient number of long-term natural gas fields in the world. An important 

option is also a possibility of its obtaining from biogas.   

• From the safety point of view - CNG is the safest fuel, it is saved in thick-walled pressure vessels; all 
CNG reservoirs have safety locks of gas leakage, it has high ignition temperature compared with other 

fuels, and besides of that, it is freely dispersed; there is no threat of contamination of soil, garages, etc. 

According to the Green Book (EU), CNG has to achieve of a 10 % share of the fuels till 2020, which 

corresponds to a value of 215 mil. kg/year. Considering the actual trend, the sales of CNG would achieve just 

33 mil. kg/year till 2020. 

Big industrial enterprises are obliged to invest tens of billions of Czech crowns annually in ecological measures, 

and their share in the pollution of the atmosphere has been fundamentally decreasing. The share of emissions 

from the transport continues to grow, and the taken measures is not enough. CNG offers fast, effective and 

unpretentious solution in the sphere of transportation. For many years the CNG-driven vehicles meet the 

EURO 6 emission standard, which became effective in September 2014. 

The reason of time-consuming development of the gas usage in the transport is existence of a series of 

obstacles. One of the main obstacles of the development of the natural gas usage in the transport is an 

insufficient infrastructure of gas filling stations for CNG compared with the dense network of filling station for 

classic fuels. The support of CNG should be especially focused on the creation of optimal conditions, which 

will not be limited by absence of a network of filling stations. A voluntary agreement between the government 

of the Czech Republic and the gas industry about a share of the gas industry in the construction of the network 

for natural gas should be concluded.  

Another obstacle for a big expansion of the gas usage in transportation means are higher investment costs 

related to the purchase of a CNG-driven vehicle compared with a vehicle driven by diesel oil. To improve this 

situation, the state could create conditions, both within the subsidy programs and tax allowances, which would 

motivate both citizens and enterprises to buy ecological transportation means.   

Another significant obstacle is uncertainty of the trend in prices of natural gas as motor fuel. The removal of 

this obstacle consists in long-term stabilization of the consumption tax for the use of CNG in the transport. In 

this regard it is necessary to note that the growth of the crude oil price can be one of the considerable stimuli 

determining the transition to CNG and increasing the use of natural gas in the transport. Another aims of the 

CNG progress should focus on filling of "white places", on the construction of GNG stations in new localities 

and their placement on refuges together with usual fuels, on changing of standards for parking of CNG-driven 

vehicles in underground garages and also on de-demonization of CNG as dangerous fuel [11]. 

A solution of the theme specified in the text of this paper fits into the conception of the circular economy, which 

is a conception which is an integral part of the sustainable development and dealing with the methods how to 

increase the quality of living environment and human life through increasing the production effectiveness. 

Considering this concept, it is an endeavor to exclude origination of non-recyclable waste both on the end of 

the chain and during the production process, for example, combustion products originated during 

transportation. That's why the use of alternative fuels in the industrial transport can have a big importance for 

the concept of the circular economy. It is because the development of the use of alternative fuels in the 
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transport can bring significant changes in a metallurgical enterprise both in the development of the production 

schedule and in applications of new technologies within the operation of the enterprise, in the given case in 

the transport system, which can also have a significant influence on the ecology.  
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Abstract 

The logistics processes in metallurgical enterprises can be characterized by the high complexity resulting from 

long production cycles, wide product portfolio, decreasing volume of individual orders and considerable product 

dimensions. During the historical development of most metallurgical enterprises, a continuous system of 

logistics processes improvement was not implemented, thanks to which they would be optimized due to the 

changing conditions of the industry. The aim of the article is to propose the methodology of logistics analysis 

in metallurgical enterprises that will systematically analyze and evaluate logistical processes, identify, classify 

and prioritize key issues, and efficiently design the process of their solutions. 

Keywords: Metallurgical enterprises, logistics process analysis, methodology 

1. INTRODUCTION 

In the context of metallurgical industry specifics Malindzak [1] presents some characteristics of metallurgical 
enterprises and its’ portfolios’, which are for example long production cycle and big amount of material flows 

as well as high investments and long life-cycles, resulting in long recoupment period and long periods between 

improvements. Thanks to this fact, the logistics processes analysis in metallurgical enterprises is more 

complicated than in other industrial branches and requires a creation of a specific methodology. The need of 

this methodology results also from the findings performed by comparison and realization of logistics projects 

in several metallurgical enterprises and discussions with stakeholders who confirm previous sidelining of the 

logistics processes compared to the manufacturing and commercial processes in the course of dynamic 

development of this industrial branch. Lakshmanan [2] also writes about a need of permanent improvement of 

the processes in the metallurgical industry. He considers innovation of processes to be a basic activity which 

enables the enterprises to build their market position. Ślusarczyk and Kot [3] also emphasize that efficiently 

accomplished processes of transport and logistics are one of the most important growth factors of 

competitiveness. Nowicka-Skowron and Ulewicz [4] refer to necessity of integration of the logistics into the 

quality management process, because only the interaction of these elements will allow the organization to 

function effectively in the market and attract new customers. Also Zimon [5] in the study on developing 

guidelines for quality in supply chain of metallurgical enterprise acknowledges that there is no doubt that a 

properly organized and managed logistics subsystems backed up with quality management concepts and 

technology have a significant influence on the process of production and distribution of products. 

The general process analysis, which is performed as a step-by-step breakdown of the phases of a process, 

used to convey the inputs, outputs, and operations that take place during each phase. is considered to be a 

base in the design of a methodology of the logistics processes analysis. A process analysis can be used to 

improve understanding of how the process operates, and to determine potential targets for process 

improvement through removing waste and increasing efficiency. Davenport [6] has already stated that to 

understand and analyze a business process helps to recognize the sources of problems and ensure that they 

are not repeated in the new process, thus providing a measure of value for the proposed changes, which very 

well applies for logistic processes. Vergidis et al [7] present the different types of business process analysis 

and presents a variety of representative approaches found in literature, which formed a background for further 

development of current methods. At the present time, there is a lot of available methods and tools for the 
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analysis of processes, which are being used across the industrial branches. As a suitable method for the 

logistics processes analysis, Tvrdoň et al [8] considers to be, for example, a logistics audit method, which is 

standardized, evaluation and project process focused on logistics functions. As Rogala [9] specifies, internal 

audit is a tool to diagnose the functioning of the organization in an independent, objective and systematic way. 

The result of the logistics audit is the evaluation of all the logistics functions linked to the strictly structured and 

very exact list of the deficiencies in logistics. The list is followed by the set of proposals and recommendations 

how to improve the logistic processes in the company [8].  

There is, however, a series of other methods and approaches applied for the enterprise processes analysis. 

In most cases, these are specific methods which is suitable to combine among each other in a complex 

conception of the analysis. For example, Root Cause Analysis belongs among the most frequently used ones. 

Wieczerniak at al [10] compares and evaluates its partial tools in his study on the basis of practical experience 

from enterprises. Another methods of process analysis are modeling and simulation [11], Mistake-proofing, 

Gap analysis or Value-Added Analysis. The analysis and consequential improvement of processes is usually 

initiated by mapping of a current state of the processes, respectively by creation of a model of the investigated 

process.  

The aim of the article is to propose the methodology of logistics analysis in metallurgical enterprises that will 

allow to systematically analyze and evaluate logistical processes, identify, classify and prioritize key issues, 

and efficiently design the process of their solutions. The methodology will provide a support to the processes 

of continuous improvements in metallurgical enterprise, which has its very specifics resulting in high complexity 

of logistics processes. The proposed methodology applies general principles of the process analysis 

supplemented by processes evaluation, identification of weaknesses and proposals of solutions including 

prioritization of solution of separate problems, whereas this methodology proposes to be a transparent and 

understandable conception applied for the support of managerial decision-making in improvement of the 

logistics processes of the metallurgical enterprises. 

2. DESIGNED METHODOLOGY 

The proposed methodology is not a linear process. Especially in case of using in big metallurgical enterprises 

with complicated material and information flows, it has iterative character with frequent feedbacks. While 

implementing the logistics processes analysis, which has to be in accordance with particular conditions in the 

enterprise and its surrounding, it is necessary to bear in mind the following characteristics: 

• implementation of the logistics processes analysis is an original and creative approach, which doesn't 

exclude the use of partial formal methods and approaches which simplify the mindset. 

• partial activities specified in the methodology are often mutually linked and overlapped from the point of 
view of time, resources and information,  

• the logistics processes analysis is an iterative (gradual) process with backward returns to the earlier 

performed and repeatedly evaluated activities, 

• the logistics processes analysis has to be carried out repeatedly because in this case it could react to 

the enterprise's changes and changes in the enterprise's surroundings which are highly dynamical at 

the present time. 

The methodology for the creation of the logistics processes analysis consists of the following steps  
(see Figure 1): 

1) Aim Specification - the general aim of the logistics management is provision of enterprise's 

competitiveness This aim can be further split into two basic parts. Outer aims, which are focused on 

satisfaction of the customers' requirements in a form of logistics services, and inner aims, which are 

focused on minimizing the logistics costs. A purposeful logistics processes analysis should support one 
or two of these partial aims. In the practical application, the aim should be defined as narrowly tailored 
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as possible. This task can be significantly complicated at the beginning; and definition of the aims with 

the use of the SMART method is often solved until after the initiation of steps 2-7. 

 

Figure 1 Methodology of logistics process analysis 

2) Range Determination - after the aim is determined, it is also necessary to determine a range of the 

analyzed processes, especially to specify borders, within which this analysis will go on. The borders 

have to be determined for all partial areas of investigation, it means separate types of logistics flows, 

such as a material flow and information flow. Within determination of the range, it is also suitable to 

specify basic presumptions which will be considered in the next steps of the analysis. Both limitations 

and presumptions can be also developed on the basis of information obtained in the next steps of the 

analysis (3-7). Especially the input analysis is the basic source of this information, that's why steps 2 

and 3 are being performed, as a rule, simultaneously.   

3) Input Analysis - this step serves mainly for understanding and analyzing wider relations. Together with 

the analyzed logistics processes, it investigates their direct surroundings as well. Especially previous 

and consequential processes and their parameters influencing the investigated area. A typical example 

in metallurgical enterprises is the analysis production factors (production resources, production subjects, 

production technology and organization of production). The collection of necessary information is 

performed by means of interviews with the interested employees, as well as analysis of the available 

documentation and on the basis of direct monitoring of the course of production. 

4) Process Analysis - the process analysis itself is focused on the mapping of the course of the work. It 
defines separate activities performed within the given process and their mutual relations. It assigns 

inputs, outputs and eventually sources (executive and responsible persons, technology, methods, time) 

to particular activities. A suitable tool for catching the results of the process analysis is a combination of 

flow charts and structural text. Within unification of outputs, authors recommend using of Business 

Process Model Notation (BPMN) [12] for the creation of flow charts. This method is a worldwide standard 

in these problems. It is also suitable to work out partial analysis for certain activities, for example, in a 
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form of layout analysis, statistical monitoring of the course, analysis of equipment and employee usage, 

analysis of documentation and IT systems. A wide spectrum of available analytic methods and tools can 

be used for these partial analyses. 

5) Processes Evaluation - basic evaluation should be performed at the level of separate processes, 

whereas their overall maturity, effectiveness and sustainability should be evaluated. Principles of 

process classification according to Capability Maturity Model (CMM) [13] can be used for this purpose. 

This model divides processes to 6 categories depending on their maturity. Since process maturity is 

significantly general idea, it is necessary to more closely define selected process parameters which are 

to be evaluated. Formalization, measurement, assessment, planning and improvement can belong 

among the considered parameters of process evaluation.  

6) Weaknesses Identification - after general evaluation of the processes, identification of weaknesses is 
performed for the selected processes. The identification serves for finding selected activities or other 

partial areas, which negatively influence functionality of the process as a whole, especially with regards 

to the specified aim of the logistics processes analysis. The outputs from the earlier performed analyses 

and other tools, for example, Ishikawa diagram, SWOT Analysis, Root Cause Analysis, Brainstorming 

can be mainly used for the purpose of identification.   

7) Specification and Categorization of Weaknesses - together with the basic characterization, the identified 
weaknesses have to be specified and categorized more in detail. The authors of the paper recommend 

realization of this step by means of a table which will clearly display the investigated properties and 
parameters of particular weaknesses. The basic recommended structure is shown in Table 1. The 

designation of the weakness should be clearly and simply trackable, that's why the authors recommend 

numeral structural marking related to the name of the process in which the weakness is situated. The 

next section of the table includes classification of problems from the point of view of the following areas: 

process (P), information and communication (I), technical and technological (T), organizational and 

control (O) and human resources (H). The classification is carried out by extern evaluation of the 

dominant factor, although the problem area can also interfere in another category. 

Table 1 Specification and categorization of weaknesses 

Marking Category Problem 

description 

Problem 

cause 

Problem 

consequence 
Target state 

Approach 

to the solution Number Process P, I, T, O, H 

        

Another part of the table includes short text characteristics gradually describing the given problem, its 

causes, consequences, the required target state and possible approaches for the solution.  

8) Weaknesses Prioritization - to determine priorities, the authors recommend evaluating the identified 

problem areas by means of subjective point scales. The following criteria can be, for example, used for 

evaluation: demandingness of the solution, expected impact of the solution and costs of investment, 
respectively costs of problem solving (see Table 2). The evaluation can be performed in several phases. 

For example, on the basis of a model when the evaluation in the first phase is performed individually by 

separate members of the team of resolvers, and separate outputs within a workshop are discussed and 

unified within the second phase. To decrease subjectivity, it is suitable to define separate levels of the 

point scale with text descriptions.  

The result of evaluation of the identified problem areas should be represented graphically. The basic 
purpose of the given prioritization is to determine an affective procedure in improvement of the 

investigated processes, respectively when designing and implementing separate solutions. This step is 

already not a part of the logistics processes analysis itself, however it is its natural continuation. 
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Table 2 Subjective point scale for the evaluation of demandingness, consequences and costs to the solution  

  of the identified problems 

Subjective point scale 

Demandingness Costs Expected consequence 

1 Easy 1 Low 1 Big 

2 Middle 2 Middle 2 Middle 

3 Complicated 3 High 3 Small 

3. CASE STUDY 

The methodology was verified on the example of the logistics processes analysis in the rolling-plant dispatch 

storehouse of the selected metallurgical enterprise. The aim of the simplified description in this chapter is to 

show the basic principles of the realized case study which was solved by the authors team in 2017.  

The aim of the analysis was to find out a solution which would effectively decrease the total time of the dispatch 

of the finished products by vehicles from the rolling-plant dispatch storehouse. At present, this time exceeds 

the required limit and negatively influences the economics of the whole process.  

The interrelationship of manufacturing and dispatching processes was investigated within the input analysis. 

Especially logistic parameters of the processes of cooling, straightening, cutting and collecting. The basic 

parameters of dispatching processes, including their space configuration, were also analyzed. Layouts of 

separate dispatch halls and storage places were created for these purposes. 

A range and presumptions for the creation of the analysis were defined at the same time. They were discussed 

and confirmed by responsible persons. The subject of the analysis was mainly clearly defined, the investigation 

area was limited and the included ICT infrastructure was characterized in the given step. The limitation of the 

investigated area was performed for two basic planes of the analysis. In the information plane, the event of 
"the acceptation of a customer’s order" was chosen as a start, and "the handing-over of documents necessary 

for picking-up the products" was selected as the end. In the plane of the material flow, the start was set on the 

event of "entering the bunches to the dispatch storehouse", and the end to the event of "the drive-away of the 

loaded vehicle with products from the metallurgical enterprise territory". Partial presumptions defining basic 

parameters of the investigated processes were defined as well. 

4 basic dispatch processes were investigated and documented within the process analysis itself. These 

processes are as follows: 

• The process of planning and organization of the finished production dispatching by vehicles. 

• The process of creation and placing of bunches of the finished products. 

• The process of dispatching by vehicles. 

• The process of loading of the products onto the semi-trailer. 

Descriptions consisting of a structural text, flow charts created according to the BPMN notation and other 

analyses were created for separate processes. Analyses of the use of the manipulation equipment (cranes) 

and human resources (dispatch foreman, planning engineer, foreman of loading, binders, crane operators) 

were mainly performed for the selected processes. An analysis of stored portfolio of the finished products were 

also performed within the process of creation and storage of the bunches of the finished products. Within the 

dispatch process by vehicles, the statistical analysis defines time distribution of the delivered vehicles within a 

work day and week; beside of that, the statistical analysis defines the time they spent in the territory of the 

metallurgical enterprise. 
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Separate processes were consequently evaluated, whereas they achieved fourth (Defined) respectively fifth 

(Managed) level according to the CMM Categorization. The processes generally lacked a quantitative 

measurement of performance. Although there are internal materials and rules for the processes management, 

it could not be said that they were thoroughly implemented, observed and continually improved. The processes 

can be characterized by a low support with information and communication technologies. The present situation 

of the processes can be described as long-term unsustainable in conditions of dynamical development of the 

environment, the growing range of the assortment and increasing complexity of orders. A significant share of 

the kept records of running processes is implemented manually, in a paper form or by means of manual 

updating of electronic and afterwards printed records. This method of keeping records on realized processes 

is time-ineffective, can cause human factor errors and also potentially enables intentional recording of false 

data. The processes, for which in principle exist standard procedures, are not protected by an effective system 

for the support of decision-making in important decisive nodes. The decision, thus, is exclusively a matter for 

a responsible employee, and it is impossible to ensure a similar decision in case of repeated occurrence of 

similar conditions. This fact places high demands on employees in the spheres which could be effectively 

resolved by means of information technologies; also, probability of failure of the process is increased as a 

result of human mistakes or simple absence of an experienced employee or due to inexperience of a new 

employee.  

11 problems were defined within identification of weaknesses: Their identification grew mainly from the 

previous analyses, partial evaluation of separate activities and structural interviews with employees of the 

dispatch storehouse. These 11 problems were presented to the management, and structured description and 

categorization were consequently created on the basis of the pattern specified in Table 1. 

Particular problems were consequently evaluated from the point of view of effectiveness of their solutions. The 

effectiveness of the solutions was represented by three parameters: demandingness, cost rate and impact.  

A 3-point scale, which decreased subjectivity of evaluation, was defined for each criterion. For example, the 

Level 1 (simple) was defined for demandingness as follows: 

• it doesn't require a wide range of employees or extern partners, 

• it can be submitted to an employee or a team of employees for the internal solution in a form of a task 

(or to a supplier), 

• it can be managed in relatively short time (days - 

months) depending on a character of the problem, 

• it doesn't require specific professionalism above the 

frame of knowledge and experience of the 

employees who realize the touched process. 

Based on assignment of the levels in particular categories, 

selected problems can be prioritized. A diagram showed in 

Figure 2 was compiled for this purpose.  

A growing cost rate and demandingness of problem solving 
are shown on axes x and y, and separate problems are 

represented by circular patterns, whereas their size and 

color define a measure of positive impacts on shortening 

the dispatch time. After discussion with the management of 

the dispatch storehouse, it was decided to solve the 

problems 5 and 6 which shows the best proportion between 

cost rate, demandingness, and measure of positive 

impacts.  
Figure 2 Graphical expression of the results 

of prioritization 
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4. CONCLUSION 

The paper proposed methodology which is primarily destined for the analysis of complicated metallurgical 

logistics processes. This methodology is based on a process analysis and includes the following steps: aim 

specification, limitation of a range, input analysis, processes evaluation, weaknesses identification, 

specification and categorization of weaknesses and prioritization of weaknesses. A natural consequential 

procedure is, then, proposal and implementation of a solution eliminating selected weaknesses of the resolved 

area. Viability of the proposed methodology was verified by a case study in the rolling plant environment, where 

optimization of the dispatch processes was solved. The main aim of the solved case study was to shorten the 

dispatch time, which would bring both to the improvement of the logistics services and to the grow of the cost 

effectiveness of the dispatch process. 
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Abstract 

Almost every day, from different information source, we can hear about problems dealing with CO2 emission 

and its impact on environment and us - people. A few sources from which CO2 is emitted can be pointed out 

but this paper focuses on metallurgical industry. The main areas of interest are furnace process technologies 

where the gas burners are used. The main product of gas combustion in those burners is CO2, so that in non-

optimized combustion processes that emission is very high.  

Therefore the world-metallurgical industry keeps looking for some solutions for fuel saving and thus CO2 

reduction. One of the methods which are used to solve this problem is applying high combustion air 

temperature. What is more and more attractive is the High Regenerative System (HRS). It can achieve an air 

temperature of more than 1000 °C. It saves more fuel and it is more environmental friendly. The HRS makes 

use of the regenerators as heat exchangers. This system has become increasingly popular in the aspect of 

reducing CO2 emission. 

Based on research results the paper presents the selected data, dealing with the combustion air temperature 

obtained for the honeycomb type of regenerator filling. The reduction of both fuel consumption and CO2 

emission has been presented finally as an economic and environmental aspect according to the air preheated. 

Keywords: Heat regenerator, regenerative burner, high air temperature, CO2 reduction, environment  

          protection 

1. INTRODUCTION 

Currently, environmental restrictions (related to the emission of pollutants) imposed on enterprises require 

more and more energy optimization of technological processes and in particular heat treatment processes. In 

the era of rising energy prices and diminishing fossil fuel resources special attention should be paid to those 

processes during which gaseous fuels, such as natural gas, are burned while the main product of its 

combustion is CO2. Carbon dioxide is a significant environmental pollutant and it is a reason for looking for 

solutions to reduce its emissions. 

The high energy efficiency of thermal devices required for the conduct of the metallurgical technologies is one 

of the ways to reduce CO2 emissions. The method of increasing energy efficiency for natural gas combustion 

technology is using a high temperature of air combustion. It is known that the air temperature increase causes 

the reduction of fuel consumption and thus decreasing the exhaust gases in that CO2. The metallurgical 

industry commonly uses the heaters to preheat an air delivered to combustion process. The recuperative 

exchanger system is most often used. Generally, the air preheat of 300-500 °C is used. 

Another solution can be proposed for the high temperature heating furnaces - it is the regenerative system 

which can preheat the air to the very high temperature - much higher than regenerator [1,2]. This solution is 

called High Temperature Combustion (HTC), High Temperature Air Combustion (HTAC) or High Preheated 

Air Combustion (HPAC). A temperature of more than 1000 °C can be obtained in this system as indicated in 

some literature [3,4,5]. The combustion with the high air temperature needs the regenerative system which is 

called High-cycle Regenerative Systems (HRS). At present the HTAC technology with regenerative burners 

system is successfully used in hundreds of different industrial applications all over the world and provides 
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many advantages e.g. more effective heat recovery, reduction of energy consumption, low pollutants emission, 

cheaper production and high products quality [6,7,8]. The paper presents data obtained for regenerative gas 

burners with HPAC system. The significant decrease of fuel consumption and thus CO2 reduction is caused 

by high temperature of air combustion. The honeycomb regenerative filling has been considered. Finally, the 

economic and environmental effects of using the regenerative burners with high combustion air temperature 

have been presented. 

2. REGENERATOR FILLING AS AN OBJECT OF CONSIDERATION 

In many metallurgical industry applications the one big central regenerator is used. This solution usually gives 

temperature losses of exhaust and air preheated. They are caused by the exchanger location or poor insulation 

of the distribution system. The exhaust temperature losses very often reach even 200 ºC. The individual 

regenerators for burners are better solutions where the very high combustion air temperature can be reached 

[2,5,9]. 

The regenerator always works in a pseudo-steady state. Its outlet air temperature fluctuates within a certain 

temperature range. This range depends on the time constant of the regenerator and its reversion time. The 

most significant regenerator parameters which affect heat transfer and thereby the outflow temperature are: 

surface of heat transfer and volume of filling. These quantities depend on the regenerator construction 
parameters (Figure 1). All these parameters influence the regenerator mass, the heat transfer area and heat 

transfer coefficient. It is very difficult to say what parameter values should be used because there are a 

multitude of combinations of geometrical parameters. So it is better to use some simplified methods for 

choosing a few solutions (referring to a simplified theory of heat regenerators) and then to check them in the 

dynamic model. Only this model can indicate the appropriate results [10,11]. Therefore, the algorithm for 

selection of regenerator parameters (referring to a simplified theory of heat regenerators) was developed and 

used in the numerical assistance - in the author’s software. 

 
Figure 1 Construction parameters of regenerative filling: a - sunflower type, b - honeycomb 

There are a few criteria, in the software algorithm, which should be used during designing process to get a 

good product: 

• Surface condition the real surface of the heat transport Areal should be bigger than calculated, theoretical 
surface area Atheor necessary to exchange heat flux resulting from assumptions 

�I}�~ � f�Construction parameters� > ���}�IfCVz , P, ∆0ÃG          (1) 

where:  

Areal - real surface of the heat transport (m2) 
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Atheor - calculated, theoretical surface area (m2) 

k - heat transfer coefficient (W/(m2·K)) 

Vz  - heat flux exchanged by the regenerator (W) 

ΔTm - logarithmic mean temperature difference (-) 

• Minimum regenerator filling weight 

( ) minimum,parameterson Constructif →= RR qm
           (2) 

where:  

mR - mass of regenerator filling (kg) 

ρR - density of regenerator filling (kg/m3) 

• Maximum coefficient AS (specific surface area) which defines the relation of heat transfer area to the 

volume of the regenerator filling 

maximum→







=

V

A
AS

              (3) 

where:  

A - heat transfer area (m2) 

V - volume of the regenerator filling (m3) 

The heat flux exchanged by the regenerator and heat transfer coefficient are calculated from energy balance 

and heat transfer for the regenerator filling. The heat transfer coefficient is defined as (4), while the convection 

heat transfer coefficients for fluids depend on a number of parameters, which generally can be written as (5). 

All physical properties of fluids are calculated as averages. The logarithmic mean temperature difference in 

(1) has the form of (6). 

( ) 







++=

airairexhexh
airexh

tt
tt

k αα
111

            (4) 

where:  

t - time of fluid (air, exh - exhaust) flow through the regenerator (s) 

α - convection heat transfer coefficients (for air and exh - exhaust) (W/(m2·K))   

{ � fCoz , ·, ², 9L, �F~�1 ,o, . G             (5) 

where:  

mR - mass of regenerator filling (kg) 

oz  - fluid mass flow (kg/s) 

ρ - fluid density (kg/m3) 

ν - kinematic coefficient of fluid viscosity (m2/s) 

Pr - Prandtl number (-) 

Aflow - surface fluid flow (m2) 

O - wetted perimeter of regenerator filling (m) 

L - length of the regenerator ducts (m) 
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           (6) 

where:  

T - temperature (ºC) 

air - applies to air 

exh - applies to exhaust 

in - value at the entrance 

out - value on the output 

3. EXPERIMENTAL RESEARCH OF REGENERATOR FILLING  

The main research aim was preparing the compact construction of regenerator, for low-power burners - 50 kW 
for natural gas with excess air number λ = 1.05, which could preheat air to the very high value - more than 

1000 °C for the exhaust temperature 1200 °C. The high air temperature decreases fuel consumption and thus 

CO2 emission. The “honeycomb” has been considered as the regenerator type because of many positive 

features. Using the author’s software a few ceramic materials for regenerator filling were examined. Finally, 

one of them was chosen. 

For the initial data the supporting software pointed the best ceramic material for achieving assumptions and it 
is characterized by the following parameters: density ρR = 2300 kg/m3, heat capacity cR = 1255 J/(kg·K), 

thermal conductivity λR = 11.05 W/(m·K). The construction parameters have been determined and the final 

corrected result was pointed out. It should be noted that a very serious limit are the technical possibilities, 

especially for a ceramic regenerator and those limitations have to be considered before production. The 

designed regenerator consists of over dozen ceramic segments with a thickness of 12 mm and a diameter of 

90 mm, in which there are 325 circular flow channels with a diameter of about 3 mm. The weight of the 

regenerative filling is about 3.8 kg and calculated specific surface area (3) has reached 1320 m2/m3. 

 

Figure 2 Pseudostatic characteristic of the regenerator - experimental studies 

Then the regenerator was examined in the laboratory on the test stage. During research low flow resistance 

was measured for the regenerative filling. The pressure drop in the ducts of the regenerator for the exhaust 

flow was 1.28 kPa and for the preheated air 0.90 kPa. Considered regenerator is a good solution because it 
can achieve very high combustion air temperature as presented in Figure 2.  
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4. RESULTS ANALYSES 

The regenerator works in an unsteady state (Figure 2). The average temperature can be specified for fluids 

in the outflow when the pseudo-steady state is achieved and then this temperature can be used for 

considerations. The regenerator quality can be examined by a few factors e.g.: relative fuel saving factor (7) 
and relative air preheat κ defined as (8). The combustion-system efficiency η is defined from the energy 

balance and it may be expressed as (9). 

| � 1 � �z}L
�z}�L               (7) 

where:  

YzF�� - fuel enthalpy flow and no preheated air in the system (W) 

YzF� - fuel enthalpy flow when preheated air appears (W) 

in_airin_exh

in_airout_air

TT

TT

−

−
=κ               (8) 

n � 1 + �z ��K
�z } � �z �Ð

�z }               (9) 

where:  

YzF - fuel enthalpy flow (W) 

Yz��I - enthalpy flow of the preheated air (W) 

Yz}¯� - enthalpy flow of the fumes leaving the furnace (W) 

4.1. The regenerator quality checking 

Based on research results the regenerator quality has been checked. The relative fuel saving factor on about 

0.5 level was obtained. The relative air preheat factor has been calculated according to the air temperatures 
in the regenerator outlet. It can be noted that it is about 95 % - the average factor for a recuperative system is 

usually in the range of 30-40 %. The high value of combustion-system efficiency has been achieved and it was 

about 86 %. All obtained results of the regenerator quality show that the considered regenerator is an 

interesting solution because it can considerably reduce the fuel consumption and the CO2 emission. 

4.2. The regenerative system in the high-temperature furnace 

The preheating of combustion air up to the high temperature level is the main target of using the regenerator. 

It is one of the ways to obtain the reduction of fuel consumption and the CO2 emission. The possibility of 

regenerative burners used for the heat-treatment furnace has been considered. The most important 

parameters were as follow: charging window dimension: 0.3 m x 3 m - height and width; charge dimension: 
0.25 m x 2.5 m - diameter and width; fuel: natural gas; process temperature: T = 1200 °C; combustion air 

factor: λ = 1.05; productivity: oz c��I|} = 12 Mg/h. 

The heating furnace was equipped with traditional gas burners with central recuperator. The preheat air 

temperature of about 305 °C has been obtained. The fuel consumption on the level 826 Nm3/h has been noted. 

After furnace modernization the new preheating system has been installed. The combustion air preheat 

increased up to 1070 °C and the fuel consumption has been decreased to about 532 Nm3/h. For this case the 

fuel reduction of 294 Nm3/h has been obtained which is about 35 % less fuel consumption comparing to the 

case of 305 °C air preheat. It happened because more efficient system of air heating has been installed 

(regenerative burners). The furnace efficiency has been increased up to 20 %, as well. The reduction of fuel 
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consumption has resulted in the limitation of CO2 emissions up to 35.6 % comparing to the emission for 305 °C 

air preheat - it is an important environmental aspect. It means that about 4887 Mg of CO2 will not be emitted 

into the environment (in a year) when the combustion air temperature was increased from 305 °C up to 

1070 °C. Each non-emitted ton of CO2 can be sold at the carbon market like a CER credit units [11], which 

would give an additional income. Considered fuel reduction and CER credit units give the total savings of more 

than €500000 per year [11,12]. The presented solution could improve the economy of metallurgical industry 

instead of the employment reduction which often happens. This case shows very significant profits which could 
be made when the recovery system is improved (Figure 3). 

 

Figure 3 The fuel consumption as a function of the air preheat 

5. CONCLUSION 

The large CO2 emission in the metallurgical industry is a significant environmental and social problem 

therefore, some solutions are looked for to reduce this emission. One of the techniques is applying high 

combustion air temperature because it gives more fuel saving and thus decrease of the exhaust emission. 

However, the used solutions should be effective such as a regenerative system. 

The most important regenerator parameters which affect heat transfer are: surface of heat transfer and volume 

(mass) of filling. Choosing the construction of the regenerator filling is not easy because there are a few 

parameters and their various combinations. The regenerators for small power burners were considered and 

honeycomb construction filling was adopted. 

A few quality factors have been presented and the regenerator quality for obtained results has been checked. 

All the factors have achieved a very high value and they are satisfactory. They guarantee a significant fuel 

saving and CO2 emission reduction.  

The appropriate selection of the regenerator geometric parameters has given the high outlet air temperature - 

higher than 1000 °C in an experimental research. 

The case of combustion air temperature increase for 8.5 MW furnace has been presented. Increasing the 

combustion air temperature from 305 °C up to 1070 °C decreased both the fuel consumption and the CO2 

emission, as well. Generally, the fuel saving has given a significant reduction of CO2 emission - it means that 

4887 Mg/yr of CO2 were not emitted into the environment. 
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Considered fuel reduction and CER credit units give the total savings of more than €500000 per year which 

could improve the economy of metallurgical industry. 

REFERENCES 

[1] HASEGAWA, Toshiaki, KISHIMOTO, Sumiyuki and SUZUKAWA, Yutaka. Environmentally-compatible 
regenerative combustion heating system. Industrial Heating. 2000. vol. 67, no. 3, pp. 111-118. 

[2] FUKUSHIMA, Shinichiro, SUZUKAWA, Yutaka, AKIYAMA, Toshikazu, KATO, Yuzo, FUJIBAYASHI, Akio and 

TADA, Takeshi. Eco-friendly regenerative burner heating system technology application and its future prospects. 
NKK TECHNICAL REVIEW. 2002. no. 87, pp. 30-37. 

[3] GEORGIEW, Alexander, WÜNNING, Joachim G. and BONNET, Uwe. Regenerativbrenner für Doppel-P-
Strahlheizrohre in einer Feuerverzinkungsline. Gaswärme International. 2007. vol. 56, no. 6, pp. 425-428. 

[4] REUSCH G., DOMAGALA J. Efficient combustion systems for aluminium industry. In Aluminium 2012: 9th World 
Trade Fair and Conference. Düsseldorf, 2012, pp. 39-44. 

[5] WNEK, Mariusz. Ceramic or metallic? - material aspects of compact heat regenerator energy efficiency. 
Technologies and Properties of Modern Utilised Materials. IOP Conf. Series: Materials Science and Engineering 

[online]. 2012. vol. 35, pp. 1-8 [viewed 2018-05-03]. Available from: DOI: 10.1088/1757-899X/35/1/012022. 

[6] Fives ultimate machines ultimate factory. North American TwinBed® II Regenerative Burners. [viewed 2018-05-

03]. Available from: https://combustion.fivesgroup.com.  

[7] Bloomengineering. Regenerative Burners. [viewed 2018-05-03]. Available from: https://www.bloomeng.com. 

[8] MANATURA, Kanitand TANGTRAKUL, Mingsak. A Study of Specific Energy Consumption in Reheating Furnace 
Using Regenerative Burners Combined with Recuperator. Silpakorn U Science & Tech J. 2010. vol.4, no. 2, pp. 7-

13. 

[9] TOMECZEK, Jerzy, WNĘK, Mariusz. A rapid method for counter-flow heat regenerator calculation. Int. J. of Heat 

and Mass Transfer. 2006. vol. 49, no. 21, pp. 4194-4199. 

[10] WNĘK Mariusz. The dynamic characteristics research of compact heat regenerator used in regenerative burners 
for metallurgical heating furnaces. Archives of Metallurgy and Materials. 2014. vol. 59, no. 2, pp. 805-808. 

[11] Commodity exchange Bratislava. Carbon place. [viewed 2018-05-03]. Available from: 

http://www.carbonplace.eu/info-commodities-CER. 

[12] Enerad.pl. Gaz dla firmy. [viewed 2018-05-03]. Available from: https://enerad.pl/rynek-energii/rynek-gazu/gaz-dla-

firmy/. 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

2115 

MODERN CHALLENGES IN METAL RECYCLING - PROCESS, TECHNICAL AND ECONOMIC 
AND LOGISTIC APPROACH  

Lilianna WOJTYNEK, Ryszard BUDZIK, Ewa KULIŃSKA  

Opole University of Technology, Opole, Poland, EU  

l.wojtynek@po.opole.pl, r.budzik@po.opole.pl, e.kulinska@po.opole.pl 

Abstract  

The paper presents the current state of metal recycling. The types of metals subjected to the recycling process 

and the course of the process are described. Logistic, technological and economic aspects were taken into 

account. Current technologies of metal recycling and recovery as well as business opportunities in the content 

of sustainable development were characterized. Challenges for the metal recycling industry were presented. 

The process of car recycling in the context of opportunities for improvement was analyzed. 

Keywords: Metal recycling, recycling process, recycling plant, vehicle 

1. INTRODUCTION  

The paper presents the problems of contemporary challenges in the recycling of metals in process, technical, 

economic and logistic approach. The analysis was carried out with reference to recycling of cars, withdrawn 

from further exploitation. Old cars present a serious health and environmental hazard, especially when they 

are disposed of without proper processes and technologies. Vehicles contain large quantities of hazardous 

substances such as waste oil, lubricants, batteries with lead and acid, mercury, lamps, electronics, plastic, air 

bags. Enough materials are recycled from cars from being used to make new parts. Not only are metals and 

other materials reused but enough fluids and oils are safely removed from recycled. The problem of recycling 

end of life automotive vehicles is serious worldwide. The aim of this paper is to analyze the vehicle recycling 

system, indicate the direction of changes and analyze development perspectives of vehicle recycling in Poland 

and selected countries of the word. In implementing the topic taken at work, the “desk research” method was 

used.  

2. VEHICLE RECYCLING SYSTEM 

Economic development is linked to the use of metals. The growing demand for metals puts permanent 

pressure on the resources. Metals are high-value resources, and can principle be easily re-used and recycled. 

Vehicles withdrawn from further exploitation are the source of valuable materials that can live in new products. 

Many cars parts have a raw material value. It is important, therefore, to recover them effectively. The vehicle 

recycling system consists of many processes, including: disassembly, preparation of parts for reuse, recycling 

of materials, use of residues after grinding of scrapped vehicles as a source of energy. So, process 

management and system analysis, making rational decisions is necessary [1-3].  

2.1. Process approach - process participants - logistics forms of the vehicle recycling process 

The participants of the recycling system in Poland are: introducers of vehicles, vehicle owners, entrepreneurs 

running: dismantling stations, vehicle collection points, shredders, recovery/recycling of waste from vehicles, 

as well as public administration bodies, issuing decisions and inspection services. In Poland, multi - year or 

post - accident vehicles (passenger cars, lorries, delivery vans, mopeds), unusable, are transported for 
dismantling. Figure 1 presents a diagram of the vehicle recycling network.  
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Figure 1 Diagram of the vehicle recycling network, taking into account logistic forms of recycling 

2.2. Types of metals subjected to the recycling process - technical and ecological aspects 

The vehicles are collected at dismantling stations, where they are dismantled, in accordance with the 

established procedure, taking into account the order of operations. Everything that can be processed is 

removed from the vehicle. Steel and other metals are separated from the vehicles as secondary materials. 

Ferrous and non-ferrous metals together constitute the largest part of the total vehicle weight. Vehicles are 

constructed of various types of metals: steel, aluminum, palladium, platinum, zinc, cobalt. Certain vehicle 

components are made of plastics, carbon fiber, rubber and glass. The weight of a typical passenger car 

consists of over 70 percent of high-quality steel and 5-10 percent of non-ferrous metals [4]. Suitable materials 

from vehicles, metals and other materials are processed for the production of new parts. All dangerous car 

fluids are recycled for recycling or disposal. Parts suitable for re-use or recycling are separated from the 

wreckage of the car, and its body after flattening is transported to the steelworks. In the steelworks is melted. 

Steel is recovered in the final stage of the process. Plastic, rubber, glass and other materials, after crushing 

the body of the car by the shredder, are wastes or are remnants of the fragmentation of scrapped vehicles 

(automobile shredder residua). Up to 10 percent of the vehicle’s mass goes to energy recovery [5].  

The waste resulting from the dismantling - rugs, rubber, gaskets, headliners, knitted fabrics, polyurethane foam 

from the seats are used as an alternative fuel in cement plants. Plastics - wheel arches, bumpers are ground 

on granules and re-used in industry. The glass goes to the glassworks. Aluminum is assembled from the 

engines. The heads and pistons go to the aluminum smelter. Old tires are ground into rubber (granulates) or 

pyrolyzed (dry distillation). Granules are also used as an ingredient for road construction. The oils are sent to 

the refinery. The steel industry processes annually over 14 million tonnes of steel obtained from withdrawn 
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vehicles [6]. Polish steelworks collect scrap, delivered in packs or cut into small pieces. Most of the smelters 

buy scrap metal cut into small pieces. From 2015 on vehicle dismantling stations was imposed the standard 

of the level of recycling and recovery in the amount of 90-95 percent of the vehicle weight [7].  

About 2-3 percent of weight of cars is not used. Enterprises do not have the financial means to purchase 

installations for recycling multi-material waste or brake pads that contain asbestos [8]. Legal regulations do 

not allow the re-use of catalysts, airbags, seat belts. However, they can be used for creative activities or 

transported to a plant managing such waste. Parts that no longer drive any vehicle, after thorough cleaning, 

welding and varnishing can be done with artistic lamps, stands.  

Recycling is the beginning of the path of all steel figures, that could get a new life and arise from the ecological 

attitudes of the customers. In the Polish city of Pruszków is the Gallery of Steel Figures. This is a unique place 

in the world. An entire museum is devoted to dozens of sculptures built from scrap metal salvaged from a local 

scrapyard. Their most recent addition is a collection of four iconic cars designed and built by roughly 50 artists 

over the last five years. The models include a Mercedes-Benz 300 SL, a Bugatti Veyron, a Maserati 

GranTurismo, and a Lamborghini Aventador. The steel vehicles are built completely to scale and include 

functional doors and replica interiors. The Gallery of Steel Figures also has wide array of imposing 
Transformers and other pop culture figures from TV and film, is presented in the Figure 2 [9]. 

 

Figure 2 Steel cars made of recycled elements [9] 

In theory, each car sold in the European Union is designed to be almost entirely recyclable. In practice, 

however car manufacturers do not want to provide instructions for dismantling selected parts or a document 

provided, from which nothing follows. This is incomprehensible, as the regulations oblige car manufacturers to 

provide such information to the car recycling companies. Automobile concerns have no interest in processing, 

retrieving and selling used parts, because they do not earn on them. They prefer to produce and sell new parts. 
The course of the recycling process is shown in Figure 3. 
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Figure 3 Diagram of the recycling process. 

Type of vehicle, parts and assembles to be recovered and quantity of raw materials determines economic 

efficiency of the process.  

3. DEVELOPMENT PERSPECTIVES OF VEHICLES RECYCLING 

Recycling end of life automotive vehicles is a serious worldwide problem, also in Poland. Large numbers of 

second-hand vehicles are being imported to Poland. This situation persists despite the toll taken by such huge 

imports of old, often more than a decade old vehicle, which in most cases fail to meet safety and environmental 

protections standards. The upward trend in auto production was maintained in 2016. GUS reveals that 554.600 

passenger cars rolled down the assembly lines of all production facilities. Passenger car registrations at end 

2016 totaled 416.123. The number of second hand vehicles imported in 2016 exceeded sales of new ones 

more than two-fold. In the Czech Republic, motor vehicles output reached 1.349.000, the vast majority of which 

were passenger cars. Production volume, constituting solely passenger cars, significantly increased in 
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Slovakia, to 1.040.000 units in 2016. Taking into account the number of manufactured motor vehicles, Poland 

remains on the third place among the central and Eastern Europe countries. In Europe, developing markets, 

especially western countries, have a higher potential. On Chinese market forecasts expect production to reach 

a level of about 35 million light vehicles annually. More upward potential is expected also from a large number 

of emerging markets, such as: Russia, Brazil, Thailand. India in particular seems set for a long-term growth 

increase [10]. For example, in Japan, Mitsubishi Chemical has revealed its intention to use recycled carbon 

fibers in the production of car parts in order to cultivate new business prospects [12]. Sorting scrap car parts 

into just eight classes could increase recycling rates of alloy elements to over 97% in Japan, according to a 

study by Tohoku University researchers. Optimizing recycling could save Japanese steelmakers 287 million 

USD on raw materials and cut greenhouse gas emissions associated with obtaining new material by more 

than 28 percent. The analysis found that between 94 and 99 percent of the alloy elements could be recycled 

from the scrap car parts and would reduce greenhouse gas emissions associated with the new material by 

28.3 percent. Their methodology can be applied globally to other industries helping find the optimal balance 
between costs and emissions and advance efforts to establish a circular economy. Table 1 presents: light 

vehicle, motor vehicles production and regional contribution to growth 2016-2023 (%). 

Table 1 Development perspectives in the field of light vehicle assembly and motor vehicles production in the 

             selected countries in the world and regional contribution to growth [10,11] 

Light vehicle assembly in the developed markets in the years 2016-2023 (millions) 

2016 2017 2018 2019 2020 2021 2022 2023 

41.9 41.8 41.8 42.5 43.1 43.2 43.4 43.3 

Light vehicle assembly 2016-2023 in the developing markets in the years 2016-2023 (millions) 

50.9 53.7 58.2 61.9 64.7 66.5 68.0 69.7 

Comparison: Motor vehicles production in the selected countries in the world in the year 2017 (thousands) 

2017 Poland Czech 
Republic 

Slovakia Hungary Japan China United 
States 

Commercial 
vehicles 

175.029 6.112 0.000 3.400 1.345.910 4.208.747 8.156.769 

Passenger 
cars 

514.700 1.413.881 1.001.520 502.000 8.347.836 24.806.687 3.033.216 

Motor 
vehicle 

production 

689.729 1.419.993 1.001.520 505.400 9.693.746 29.015.434 11.189.98
5 

Regional contribution to growth (%) in the years 2016-2023 

NORTH AMERICA - 10.2  

SOUTH AMERICA - 5.1 

EUROPE - 6.5 

NEAR EAST - 8.9 

ASIA - 64.1 

PACIFIC - 1.2 

4. CONCLUSION   

Vehicle manufacturing is a systematic project and includes tens of thousands of spare parts and related 

materials. A modern car contains nearly all metals available, as it’s a product that integrates a broad range of 
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other metal - containing products. This is why the focus needs to be on optimizing the recycling of entire 

products at their end- of life increased of focusing on the individual materials contained in them. The content 

of iron and heavy metals decreases while the amount of plastics and aluminum is increasing. Raw material 

that is 100 percent recyclable is steel. Rapid development of automotive industry in recent years in Poland has 

entailed the introduction of rational management of waste materials from the operation and disposal of 

vehicles. Rapid increase of the number of cars and the existing age structure of the national fleet, where a 

significant part is the old and worn vehicles, causes the increase of the total mass of waste vehicles. The age 

structure of the resident cars in Poland is one of the oldest in Europe. Compared to the standards of the 

European Union, the car market in Poland is unsatisfactory in terms of quality. It will generate large amounts 

of solid waste pollution and oil contamination. That is why it becomes urgent to create conditions in both the 

legal, organizational, technical foundation in the country to collection use and disposal of generated waste 

from motor vehicles. Technical changes and diverse growth opportunities in developing markets require 

ongoing investments and organizational change by original equipment manufacturers. Technology 

development is a key trigger of new technology companies in automotive market. The goal is to introduce 

autonomous vehicles and ride/car sharing platforms and other transport services providers. Industry can be 

the resource of driving innovation that maximizes resource efficiency when policy makers draw on their 

expertise and tools. 
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Abstract 

The article specifies the economic and environmental efficiency in the metal industry in individual EU countries 

in 2015. The study applies Data Envelopment Analysis (DEA), which is a non-parametric method based on 

production theory and the principles of linear programming. It enables one to assess how efficiently a firm, 

organization, country, or such other decision making unit (DMU) uses the available inputs to generate a set of 

outputs relative to other units in the data set. The analysis gives a possibility to create a ranking of countries. 

The results point out the reasons of the inefficiency and provide improving directions for the inefficient Decision 

Making Units. 

Keywords: Efficiency, environment, metal industry, Data Envelopment Analysis, Europe 

1. INTRODUCTION 

Efficiency is the main criterion for a comprehensive assessment of activities of an entire industry sector [1] and 

individual economic operators [2]. Efficiency is considered to be one of the sources of wealth for nations and 

at the same time various ways of defining and measuring it are proposed. A macro-economic approach to 

economic efficiency refers to how well the economy allocates scarce resources to meet the needs and 

demands of consumers [3]. Following the microeconomic approach, the efficiency of a firm is its capacity to 

transform expenditures into effects, where a larger value of productivity indexes is indicative of a higher 

efficiency of a particular economic entity [4].   

Most economists have based their theoretical and practical reasoning concerning efficiency on the universally 

recognized principle of rational management (cost efficiency). The principle usually occurs in two forms: as a 

principle of maximum productivity (assuming the achievement of maximum goals using specific means) and 

as a principle of cost savings (assuming the achievement of specific goals using minimum means). Following 

the principle of rational management leads in each case to seeking optimal solutions, i.e. ones that ensure the 

maximization of the adopted goal criterion. In turn, the degree to which the adopted goals are realized is 

precisely what is meant by efficiency [5]. According to Kulawik, rationality consists in the optimum balancing 

of specific expenditures while taking into account the limited scope of available resources. This limited 

availability is a result of either the difficulty of obtaining a particular rare material or the high costs needed to 

obtain it [6]. One of the resource groups characterized by limited availability are natural resources. 

The production of such huge amounts of matal products requires a correspondingly wide variety of types of 

input, including energy, which depletes non-renewable energy resources. On the other hand, the industry emits 

greenhouse gases during production processes, thus contributing adversely to climate change. Both energy 

consumption and greenhouse gas emissions constitute a direct burden on the environment and worsen the 

situation of future generations. Therefore, there is a need for effective use of limited resources and 

minimisation of environmental burdens, which is currently the subject of constant research.  

This issue is addressed by environmental economics, defined as the field of economic theory, which studies 

static and dynamic conditions of optimal use of natural environment resources [7]. From the point of view of 
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this paper, the most important elements of this theory are the issues related to limiting externalities, such as 

greenhouse gas emissions, and the proper rate of use of non-renewable resources.  

The beginnings of the development of this trend can already be seen among the representatives of classical 

economic theory. Particularly noteworthy are the views of T. Malthus [8] regarding limited resources and 

population growth. This train of thought was continued in the 1st Club of Rome Report [9]. The authors drew 

attention to the barriers mankind will encounter in the near future. The most important are: the increasing level 

of pollution (including the rise in atmospheric CO2) and the depletion of non-renewable resources. This is 

particularly important within the scope of fossil fuels, which form the basis for the functioning of modern 

economy. This resulted in the "Peakoil" concept - a peak in extraction, after which production will decrease 

[10]. Due to technological progress and the unknown pace of discovering new deposits, this moment is difficult 

to predict. It is pointed out here that these resources are actually being depleted, but as prices rise, the world 

economy is switching to other energy sources [11]. This process complies with the Hotelling rule, which 

determines the socially appropriate rate of exploitation of non-renewable resources [12] and Nordhous's theory 

of "backstop technology" viewed from the point of energy carriers [13]. It defines it as a costly substitution 

technology with an unlimited raw material base that can lead to the replacement of raw material resources 

being depleted. At present, however, the topic of depletion of energy resources is slippinginto the background. 

The problem of climate change caused by the emission of greenhouse gases is becoming more prevalent. 

2. MATERIAL AND METHODS 

The main aim of research was find the economic and environmental efficiency of the metal sector in selected 

European countries. The data set used in this contribution is composed of information from collected in the 

databases of Eurostat regarding a sample of metal sector in 27 countries in Europe. Authors kept only counties 

with available data for 2015 year. 

Based on the sample efficiency was evaluated using non-parametric methods. The non-parametric approach 

to the analysis of the scale efficiency relied on the linear programming methods defined as Data Envelopment 

Analysis (DEA). The DEA model may be presented mathematically in the following manner [14]: 
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where: 
s - quantity of outputs, 

m - quantity of inputs, 

ur - weights denoting the significance of respective outputs, 

νi - weights denoting the significance of respective outputs, 

yrj - amount of output of r-th type (r =1,…,R) in j-th object, 

xij - amount of input of i-th type (n =1,…,N) in j-th object; (j =1,…,J). 



May 23rd - 25th 2018, Brno, Czech Republic, EU 

 

 

2123 

In the DEA model m of inputs and s of diverse outputs come down to single figures of “synthetic” input and 

“synthetic” output, which are subsequently used for calculating the object efficiency index. The quotient of 

synthetic output and synthetic input is an objective function, which is solved in linear programming. Optimized 
variables include ur and vi coefficients which represent weights of input and output amounts, and the output 

and input amounts are empirical data [14]. 

By solving the objective function using linear programming it is possible to determine the efficiency curve called 

also the production frontier, which covers all most efficient units of the focus group (the graphical presentation of 

the efficiency curve is possible for models: 1 input and 1 output, 2 inputs and 1 output or 1 input and 2 outputs. In case of 

multidimensional models the curve equivalent incorporates a few fragments of different hyperplanes linked to each other). 

Objects are believed to be technically efficient if they are located on the efficiency curve (their efficiency index 

equals 1, which means that in the model focused on input minimization there isn’t any other more favourable 

combination of inputs allowing a company to achieve the same outputs). However, if they are beyond the 

efficiency curve, they are technically inefficient (their efficiency index is below 1). The efficiency of the object 

is measured against other objects from the focus group and is assigned values from the range (0, 1). In the 

DEA method Decision Making Units (DMU) represent objects of analysis [15].  

The DEA models may be categorized based on two criteria: model orientation and type of returns to scale. 

Depending on the model orientation a calculation is made of technical efficiency focused on the input 

minimization or of technical efficiency focused on the output maximization (effects). But taking into account the 

type of returns to scale the following models are distinguished: the CCR model providing for constant returns 
to scale (the name derives from the authors of the model: Charnes-Cooper-Rhodes) [15], the BCC model 

providing for changing return to scale (the name derives from the authors of the model: Banker-Charnes-

Cooper [16] [17] and the NIRS model providing for non-increasing returns-to-scale) (drawing 1). The CCR 

model is used to calculate the overall technical efficiency (Technical Efficiency - TE), where TE for P object = 

APC/AP. The BCC model is used to calculate pure technical efficiency (Pure Technical Efficiency - PTE), 

where PTE for P object = APV/AP [4]. 

With the overall technical efficiency and pure technical efficiency calculated, it is possible to determine the 

object scale efficiency (Scale Efficiency - SE) according to the formula: SE for P object = APC/APV, i.e. SE = 

TE/PTE [4]. 

 
Figure 1 Scale efficiency according to the DEA method (model: 1 output and 1 input) 

Source: prepared based on Coelli et al. 2005. 
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3. RESULTS 

The study was based on source data for 2015 collected in the databases of Eurostat regarding the metal sector 

in 27 European countries. The BCC models were used to determine the relative efficiency of metal sector 
across Europe. Models aimed at minimizing inputs (input - oriented) were chosen, which was based on the 

new UE strategy to more environmental-efficient economy. 

The following variables were set for DEA models: 

• output y1 - production value  

• input x1 - persons employed - number 

• input x2 -  energy consumption (all products in terajoule) 

• input x3 - CO2 emissions (tone) 

As a result of the study a ranking of countries was created according to the efficiency index for the metal sector 
(see Figure 2). The average technical efficiency of the metal sector in Europe in 2015 achieved a fairly low 

level. The DEA efficiency indicator in the BBC model was 0.59.  

It was found that among the 27 studied countries, 6 countries (Belgium, Bulgaria, Denmark, Germany, Italy, 

Malta) had a metal sector that was effective, i.e. the efficiency ratio stood at 1. 

 
Figure 2 The technical efficiency of metal sectors in European countries in 2015 

Based on the DEA method benchmarks have been defined for countries with an inefficient metal sector. On 

the basis of these benchmarks for inefficient sectors (DMU), it is possible to determine a combination of 

technologies that allows the same results to be achieved with less input.  

Table 1 contains the improvements required in order to make inefficient metal sectors. As seen in Table 1, 

results suggest how much smaller should the use of inputs be in inefficient metal sectors in order to achieve 
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the current value of effects (production value). Having this information, managers or governments should 

concentrate their efforts in enhancing the performance. 

Projections suggest that the total number of person employed should reduce as follows: Czech Republic by 

about 75%, Estonia 96%, Ireland 60%, Greece 39%, Spain 12%, France 39%, Croatia 69%, Cyprus 90%, 

Latvia 47%, Lithuania 96%, Hungary 65%, Netherlands 53%, Austria 35%, Poland 62%, Portugal 2%, Romania 

76%, Slovenia 33%, Slovakia 77%, Finland 15%, Sweden 31%, United Kingdom 47%.  

With regard to energy consumption Czech Republic should reduce by about 77%, Estonia 89%, Ireland 75%, 

Greece 39%, Spain 12%, France 48%, Croatia 58%, Cyprus 89%, Latvia 47%, Lithuania 95%, Hungary 67%, 

Netherlands 81%, Austria 35%, Poland 62%, Portugal 32%, Romania 76%, Slovenia 42%, Slovakia 80%, 

Finland 28%, Sweden 31%, United Kingdom 47%.    

With regard to CO2 emission Czech Republic should reduce by about 75%, Estonia 90%, Ireland 81%, Greece 

44%, Spain 114%, France 60%, Croatia 76%, Cyprus 89%, Latvia 49%, Lithuania 82%, Hungary 65%, 

Netherlands 69%, Austria 65%, Poland 66%, Portugal 2%, Romania 82%, Slovenia 32%, Slovakia 77%, 

Finland 47%, Sweden 31%, United Kingdom 61%. 

Table 1 Projections values 

DMU Persons employed - number 
Energy consumption - 

terajoule 
CO2 emission - 

tone 

Czech Republic -75.378   -76.502 -75.378 

Estonia -95.644 -89.306 -90.432 

Ireland -59.675 -74.803 -81.854 

Greece -39.215 -39.215 -44.018 

Spain -11.969 -11.969 -13.532 

France -39.012 -48.496 -60.488 

Croatia -69.135 -58.045 -76.376 

Cyprus -90.355 -89.412 -89.412 

Latvia -46.65 -46.65 -49.249 

Lithuania -96.367 -94.645 -82.13 

Hungary -64.538 -67.133 -64.538 

Netherlands -52.522 -80.817 -69.497 

Austria -34.813 -34.813 -65.365 

Poland -62.415 -62.415 -66.241 

Portugal -2.408 -32.419 -2.408 

Romania -76.136 -76.136 -82.59 

Slovenia -32.743 -42.028 -32.743 

Slovakia -77.333 -80.051 -77.805 

Finland -14.83 -27.699 -46.586 

Sweden -31.465 -31.465 -31.465 

United Kingdom -47.253 -47.253 -60.823 
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4. CONCLUSIONS 

Considering the tightening EU climate policy, it seems that the best approach to monitoring efficiency is a 

comprehensive approach to both economic and environmental aspects. The conducted studies present such 

an approach and make it possible to indicate countries with the highest economic and environmental efficiency 

of the metal industry.  

More environmental-efficient economy should accelerate the spread of innovative technological solutions and 

improve the competitiveness of industry in the Union, boosting economic growth and creating high quality jobs 

in several sectors. 

The paper presents the application of the DEA methodology to the evaluation of efficiency of the metal sector 

in European countries. From the methodological point of view the proposed approach for ranking and 

benchmarking of DMU has a universal character and can be applied in different industries. It allows comparing 

relative efficiency of DMU by determining the efficient DMUs as benchmarks and by measuring the 

inefficiencies in input combinations in other units relative to the benchmark. 

From the practical point of view the results of this analysis can be summarized as follows: 

• The countries with the most efficient of the metal sector are Belgium, Bulgaria, Denmark, Germany, 

Italy, Malta. 

• Detailed analysis of the efficient DMUs as a benchmark for other evaluated units point out the reasons 

of the inefficiency and provide improving directions for the inefficient DMU. 

The obtained results provide the foundation for further in-depth studies, in which it is necessary to identify the 

main factors that have had an impact on the economic and environmental efficiency of the metal industry in 

individual EU countries. 
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Abstract 

For each company a loss of capacity to settle current liabilities means an emergence of a number of difficulties 

that may cause bankruptcy. In commercial companies, where current assests are a large share in assets, one 

can try to regain financial liquidity by gradually liquidating individual current assets. The manufacturing 

companies deal with payment bottlenecks in a more difficult way. In such companies fixed assets account for 

a significant share in the structure of assets. Fixed assets are the ones that are difficult to liquidate. In a 

situation when payment bottlenecks appear, manufacturing companies have a problem with regaining financial 

liquidity. If such transactions take place when a company has to sell fixed assets quickly, it usually suffers from 

a large loss in sales. In general, fixed assets that the company gets rid of belong to specific instruments that 

may not be in demand at certain moment. Therefore, the price of such instruments must be attractive for a 

buyer. This is the last resort to save a company. The company regains its financial liquidity, but the sales at a 

loss reduces financial results. To prevent this, it is necessary to analyze systematically the basic financial 

liquidity ratios assessing the risk of inability to settle current liabilities. In the article advantages and 

disadvantages of the applied financial liquidity management strategies were presented. The aim of the paperis 

to determine an optimal liquidity management strategy for pressure foundries. The presented analysis and the 

model of the optimal strategy may be used in the selection of liquidity strategies in manufacturing companies 

from various industries in the country or in the world. The research period covered the years 2014-2016. 

Keywords: Financial liquidity, aluminum pressure castings 

1. INTRODUCTION  

In manufacturing companies, financial liquidity management is not an easy process. In general, in this type of 

companies fixed assets prevail current assets. Their participation in the structure of property is already the first 

piece of information on the possibility of threats related to the loss of financial liquidity. A narrow group of 

suppliers of raw materials, materials or energy is an additional difficulty in the case of manufacturing 

companies. In case of payment gridlocks it is not easy to change the contractor. Some blockades in the supply 

of energy, raw materials or materials immediately result in a production stopover. The stopover in production 

even for a short time results in an increase in costs. Production costs are increasing, which forces managers 

to raise the price of products. The stopover in production reduces sales which may lead to the loss of 

permanent contractors. The loss of contractors, the increase in the price of products are two powerful steps 

aimed at lowering the competitive advantage of a company in the market. The goal of such a company 

functioning is a struggle to survive in the market. Therefore, it is very important not to cause the situation when 

there is a lack of cash for payment of current liabilities as the recovery of lost current financial liquidity is a long 

and often unsuccessful process. In the article on the example of 14 pressure aluminum casting houses, the 

analysis of financial liquidity management was carried out and the management model was presented.  
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2. FINANCIAL LIQUIDITY 

Financial liquidity of a company is interpreted as its ability to maintain continuity in covering expenses, i.e. 

timely payment of current liabilities [1]. An assessment of this ability allows providing information on the 

financial security of a company. Creating a financial liquidity strategy in terms of income-risk results from the 

need to reconcile two opposing goals that are faced by the company. It is maximizing of the value for the owner 

and minimizing of the risk of losing financial liquidity [2]. In many countries, banks impose higher interest rates 

on companies threatened with bankruptcy, and commissions when applying for a loan [3]. So that these costs 

should be included in the costs of the strategy which was chosen by the managers. Business managers need 

to decide what is more important for the company: high profits or financial security resulting from the high level 

of financial liquidity. Liquidity management is a highly complicated process as it consists of a series of partial 

strategies for managing current assets and current liabilities. According to many authors, weaknesses in a 

company management are a cause of corporate bankruptcies, including: lack of competence and skills in the 

field of business management, personal characteristics, e.g. excessive optimism, insufficient motivations. [4]. 

Baldwin [5] confirms that management weakness was the main reason for bankruptcies of businesses in 

Canada. Other authors also believe that the way of business management has a big impact on the risk of 

losing financial liquidity [6]. In the case of small and medium-sized enterprises, a separate management model 

should be developed. One should not use the general model [7]. Since SMEs can submit simplified financial 

statements, Altman [8] suggests using non-financial information to account for missing financial information. It 

includes information on the type of business, size and age of a company as well as information on reporting 

and compliance and operational risk. 

Therefore, it is necessary to create such a model, a liquidity management strategy model that will optimize the 

level of financial liquidity. D. Wędzki [2] treats liquidity strategies in terms of income and risk as three sub-

strategies: as current assets, sources of financing of current assets and property and financial strategies. 

Companies creating liquidity management strategies should base their analysis on two elements, i.e. current 

assets (inventories, receivables from customers and short-term investments) and current liabilities (short-term 

liabilities). 

Strategies of current assets are generally divided into two basic ones: conservative and aggressive. However, 

it is important to distinguish intermediate or moderate strategies. They can be conservative-moderate and 

aggressive-moderate strategies. Each moderate strategy comes from the basic strategies. The level and 

structure of individual elements of current assets is of key importance in determining the strategy for financial 

liquidity. 

In case of financial sources of current assets, it is also possible to make a division into classic strategies, i.e. 

aggressive and conservative ones. In the case of creating a model of liquidity management strategy, it is worth 

focusing primarily on the position of liabilities towards suppliers. They are usually the highest level in short-

term liabilities. In addition, credit commitments are the second issue worth analyzing. 

G. Zimon [9] divides the strategies of current assets management into conservative, aggressive and moderate 

ones: 

• Conservative strategy - is characterized by a high level of current assets in relation to short-term 

liabilities. Companies that use this type of strategy have high financial liquidity and often their result 

should be defined as over-liquidity. Companies try to pay short-term liabilities on time so their level is 

low. Inventories are a high share in the structure of current assets. Receivables which are quickly 

collected from recipients are lower than inventories. Cash in the structure of current assets is at a low 

level, but in comparison to cash in an aggressive or moderate strategy, there is definitely more of them. 

This strategy is safe for enterprises, but it is expensive. 

• Aggressive strategy - is characterized by a high level of short-term liabilities often reaching the level of 
current assets. Liquidity is at a low level. In case of current assets, receivables prevail inventories. 
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Inventories are low. Such a strategy is a big threat to the continuity of a company activity and is 

expensive. Receivables are of a high standard because they provide long payment terms. Risky sales 

may result in a lack of inflows and a loss of financial liquidity. Cash at a minimum level is in constant 

circulation. 

• Moderate strategy is an intermediate between aggressive and conservative strategies. It is the most 

commonly used and due to the fact that it comes from the basic strategies, it can be divided into 

moderate-aggressive and moderate-conservative. 

Therefore, a choice of a strategy has a decisive impact on the financial results and financial security of 

companies 

3. FINANCIAL LIQUIDITY MEASURES 

Static evaluation is determined by means of data contained in the balance sheet and applies to such measures 

as current liquidity, quick ratio and turnover ratios in days of the most important elements affecting liquidity 

management: 

�,LL� ½ ÇA�,A!A½º L©½A� �  c�II}�� �ÅÅ}�Å
Å��I�_�}IÃ ~��õ�~���}Å        (1) 

The authors [10,11] indicate that the financial liquidity should be in all companies in the range from 1.2 to 2.0 

no matter the size and the branch. The numerator of this ratio has always aroused controversy as it contains 

all current assets included in a unit, characterized by a diversified level of liquidity, which in some way obscures 

its true picture. Hence, there is a need to eliminate the slowest-convertible component into cash-reserves, 

which is presented by the ratio also known as (2) 

V,A�P L©½A� �  c�II}�� �ÅÅ}�Å���¬}���I�}Å�Å��I�_�}IÃ �I}��°Ã}��Å
Å��I�_�}IÃ ~��õ�~���}Å       (2) 

quick ratio - inventory is subtracted because it is frequently illiquid. In liquidation sales, sellers substitute store 

[11]. The elimination of inventory is based on financial liquidity on receivables. It presents the extent to which 

highly liquid assets, which include receivables and short-term investments, are able to cover current liabilities. 

The next ratios concern the effectiveness of management of the most important elements affecting the level 

of financial liquidity, and this is the ratio of turnover of short-term receivables, inventories and short-term 

liabilities. 

;���A®©+Ç�� ½,L �®�L L©½A� A  !©º� �  Å��I�_�}IÃ I}c}�¬�õ~}Å
Å�~}Å I}¬}��}Å ∙ 365 !©º�     (3) 

This ratio informs after what time the receivables are collected by a company. The lower the results, the shorter 

the lending period for the recipients. A turnover ratio of commitments in days is an important benchmark for 

this measure. An ideal situation is when the receivables turnover ratio in days is shorter than the liabilities 

rotation rate in days [12]. 

@ ®� ½�Lº ½,L �®�L L©½A� A  !©º� �  ��¬}���I�}Å
Å�~}Å I}¬}��}Å ∙ 365 !©º�      (4) 

This ratio informs after what time a company renews its inventory, in other words how many days a company 

freezes its cash in inventories. 

Ä�+½ ½,L �®�L L©½A� A  !©º� �  Å��I�_�}IÃ ~��õ�~���}Å
Å�~}Å I}¬}��}Å ∙ 365 !©º�       (5) 

This ratio informs after what time a company settles liabilities. The higher the ratio, the better it uses a foreign 

source of financing. However, the high result of this ratio may suggest potential new contractors that it is not 

worth cooperating with such a company since it regulates its liabilities after a long time. 
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4. AN ANALYSIS OF FINANCIAL LIQUIDITY IN SELECTED ALUMINUM CASTING HOUSES 

An assessment of the level of financial liquidity was made on the basis of 14 aluminum casting houses 

operating in Poland. The first stage of the analysis was an assessment of the structure of assets in the 

surveyed companies over the period 2014-2016. Then the basic ratios of financial analysis regarding the area 

of financial liquidity were used. Descriptive statistics for selected ratios are presented using the following 

statistical methods: arithmetic mean ( x ), median (Me), highest (maximum) and smallest (minimum), standard 

deviation (s), variation coefficient (V). Table 1 presents a simplified structure of current assets. 

Table 1 An analysis of selected elements of the structure of current assets in the examined units 

Source: author’s own research 

The presented analysis clearly indicates a high rate of receivables over inventories. The average stock for the 

surveyed years reaches the limit of 35% and receivables as much as 55%. From the point of view of liquidity 

management, this is good information. Inventory, as the least liquid element of current assets, constitutes a 
small share. Next, the level of financial liquidity was assessed. The details are presented in Table 2. 

Table 2 The ratio assessment of financial liquidity in the surveyed enterprises 

Current liquidity x  Me s min max V 

2014 year 1.93 1.75 0.85 0.90 3.30 43.9% 

2015 year 1.81 1.70 0.61 0.80 2.70 33.7% 

2016 year 1.82 1.75 0.96 0.60 4.00 52.9% 

Quick liquidity x  Me s min max V 

2014 year 1.33 1.25 0.63 0.60 2.40 47.2% 

2015 year 1.17 1.15 0.47 0.40 2.00 40.2% 

2016 year 1.15 1.05 0.66 0.30 2.50 57.5% 
Source: author’s own research 

The presented results indicate very good liquidity management strategies. The average results for current 

financial liquidity reach almost 1.9. In the case of quick ratio the results in each year are over 1.0, which is a 

very good result. The results of turnover ratios are presented in the table below. 

When analyzing the data from Table 3, one can observe a quicker rotation of receivables from recipients over 

short-term liabilities. This shows that the analyzed companies are borrowers, which will have a very positive 

effect on the level of financial liquidity. 

The Spearman’s correlation coefficient showed that in the analyzed companies the current and quick financial 

liquidity was strongly related to the liabilities turnover ratio in days. 

Inventories x  Me s min max V 

2014 year 0.32 0.34 0.12 0.16 0.51 35.6% 

2015 year 0.35 0.34 0.07 0.25 0.49 21.0% 

2016 year 0.34 0.33 0.09 0.19 0,49 26.9% 

Receivables x  Me s min max V 

2014 year 0.53 0.53 0.14 0.30 0.82 25.4% 

2015 year 0.56 0.58 0.12 0.35 0.71 22.0% 

2016 year 0.55 0.55 0.13 0.35 0.79 24.4% 
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Table 3 Turnover ratios of selected elements affecting financial liquidity 

Receivables rotation x  Me s min max V 

2014 year 49.8 48.0 13.3 28.0 73.0 26.7% 

2015 year 59.0 54.0 22.3 37.0 107.0 37.8% 

2016 year 59.9 56.0 30.0 14.0 148.0 50.0% 

Liabilities rotation x  Me s min max V 

2014 year 60.8 46.5 36.3 19.0 139.0 59.7% 

2015 year 69.6 61.5 29.1 33.0 124.0 41.8% 

2016 year 83.6 68.5 47.4 35.0 168.0 56.7% 

Inventory rotation x  Me s min max V 

2014 year 36.9 35.0 18.6 12.0 74.0 50.4% 

2015 year 41.0 38.5 15.3 19.0 78.0 37.3% 

2016 year 43.6 38.0 16.4 20.0 80.0 37.7% 

Source: author’s own research 

5. CONCLUSION 

When analyzing financial liquidity in the surveyed companies it is clear that manufacturing companies are 

leaning towards a conservative-moderate model. This is evidenced by the high level of the current liquidity 

ratio and, above all, by the high level of the quick financial liquidity ratio, which in individual years reaches the 

average result from 1.15 to 1.33. The share of inventories in the analyzed companies was significantly lower 

than receivables from recipients. In manufacturing companies in the analyzed industry, production is performed 

for specific orders. Therefore, no stocks are ordered with a large reserve. This is confirmed by low stock 

turnover ratios whose average results range from 36 days to 43 days. When assessing the management of 

receivables from customers and liabilities to suppliers, it can be clearly seen that the average collection period 

in all years is shorter than the repayment rates in days. This is very important information as the entities under 

analysis do not have to support additional loans to pay off current liabilities. 

When summarizing the financial liquidity management model in manufacturing companies, one can talk about 

the moderate-conservative strategy which is characterized by low inventory based on just in time strategies. It 

is also important to maintain quicker receivables turnover in days compared to the turnover of liabilities in days. 

This way of managing of individual elements of current assets and current liabilities allows maintaining financial 

liquidity at a safe level. Companies with high financial liquidity in case of an emergency need to obtain cash 

can sell assets to improve liquidity, and they do not have to incur high costs of sudden financial difficulties [13]. 

The only threat to the functioning of companies when using conservative-moderate strategies is to maintain 

such a level of stocks that will ensure continuity of production. Therefore, managers should analyze in detail 

the stock whose level in the structure of current assets is not high. For this purpose, they need to enter certain 

systems that control the current level of inventory. However, the optimal solution for manufacturing companies 

is an introduction of a strategy that will increase the level of net capital and raise the current liquidity ratios. 

When assessing the average results of individual ratios affecting the level of financial liquidity, it is also 

necessary to try to speed up inventory rotation. At the moment it achieves the result at the level of commercial 

companies. It is low, but because manufacturing companies rarely produce items for stock, the level of 

inventories can be reduced. The second step to optimize the level of financial liquidity is to shorten the flow of 

receivables and extend the time for payment of liabilities. A change of one of these elements will have a 

positive impact on the level of liquidity. A more convenient solution would be to extend the time for payment of 

liabilities. Such a management policy would allow maintaining the rate of debt collection at the current level, 

which would positively affect the contacts with recipients and financial results of enterprises. 
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Summing up, the applied moderate-conservative strategy is safe for the analyzed companies. However, if the 

solutions described above were introduced, the analyzed units could optimize the process of financial liquidity 

management. 
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